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PREFACE TO FIRST EDITION 


In writing this book I have tried to provide a text-book of the 
more elementary properties of determinants, matrices, and 
algebraic forms. The sections on detenninants and matrices, 
Parts I and II of the book, are, to some extent, suitable either 
for undergraduates or for boys in their last year at school. 
Part III is suitable for study at a university and is not intended 
to be read at school. 

The book as a whole is written primarily for undergraduates. 
University teaching in mathematics should, in my view, provide 
at least two things. The first is a broad basis of knowledge 
comprising such theories and theorems in any one branch of 
mathematics as are of constant application in other branches. 
The second is incentive and opportunity to acquire a detailed 
knowledge of some one branch of mathematics. The books 
available make reasonable provision for the latter, especially 
if the student has, as he should have, a working knowledge of at 
least one foreign language. But we are deplorably lacking in 
books that cut dowm each topic, I will not say to a minimum, 
but to something that may reasonably be reckoned as an 
essential part of an undergraduate’s mathematical education. 

Accordingl3', I have written this book on the same general 

plan as that adopted in my book on convergence. I have 

included topics commotily required for a university honours 

course in pure and applied mathematics: I have excluded topics 

appropriate to post-graduate or to highly specialized courses 
of study. 

Some of the books to which I am indebted may well serve as 
a guide for my readers to further algebraic reading. Without 
pretending that the list exhausts my indebtedness to others, 
I may note the following: Scott and Matthews, Theory of 
Deierrnhianis ; Bocher, Introduction to Higher Algebra ; Dickson, 
Modern Algebraic Theories ; Aitken, Detenninants and Matrices ; 
lurnbull. The Theory of Determinants, Matrices, and Invariants', 
Elliott, Introduction to the Algebra of Quantics-, Turnbull and 
Aitken. The Theory of Canonical Matrices', Salmon, Modem 
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Higher Algebra (though the ‘modern’ refers to some sixty years 
back); Burnside and Panton, Theory of Equations. Further, 
though the reference will be useless to my readers, I gratefully 
acknowledge my debt to Professor E. T. Whittaker, whose in¬ 
valuable ‘ research lectures’ on matrices I studied at Edinburgh 

many years ago. 

The omissions from this book are many. I hope tliey are, all 
of them, deliberate. It would have been easy to fit in something 
about the theory of equations and eliminants, or to digress at 
one of several possible points in order to introduce the notion of 
a group, or to enlarge upon number rings and fields so as to 
give some hint of modern abstract algebra. A book written 
exjiressly for undergraduates and dealing with one or more of 
these topics would be a valuable addition to our stock of 
university text-books, but I think little is to be gained by 
references to such subjects when it is not intended to develop 

them seriously. 

In part, the book was read, while still in manuscript, by my 
friend and colleague, the late Mr. J. Hodgkinson, whose excel¬ 
lent lectures on Algebra will be remembered by many Oxford 
men. In the exacting task of reading proofs and checking 
references I have again received invaluable help from Professor 
E. T. Copson, who has read all the proofs once and checked 
nearly all the examples. I am deeply grateful to him for this 
work and, in particular, for the criticisms which have enabled 
me to remove some notable faults from the text. 

Finally, I wish to thank the staff of the University Press, both 
on its publishing and its printing side, for their excellent work 
on this book. I have been concerned with the printing of mathe¬ 
matical work (mostly that of other people!) for many years, and 
I still marvel at the patience and skill that go to the printing of 
a mathematical book or periodical. 

W. L. F. 

HEETFORD COLLEGE, OXFORO, 

September 1940 . 
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PART I 


PRELIMINARY NOTE; CHAPTERS ON 

DETERMINANTS 

PRELIMINARY NOTE 

4 

1. Number 

In its initial stages algebra is little more than a generaliza¬ 
tion of elementary arithmetic. It deals only with the positive 
integers, 1, 2, 3,.... We can all remember the type of problem 
that began ‘let x be the number of eggs’, and if x came to 3| ^\e 
knew we were wrong. 

In later stages x is permitted to be negative or zero, to be t!»e 
ratio of two integers, and then to be any real number eitlicr 
rational, such as or — J, or iiTational, such as n or n' 3. finally, 
with the solution of the quadi atic equation, x is permitted to be 

a complex number, such as 2 + 3 j!. 

The numbers used in this book may be either real or complex 
and we shall assume that readers have studied, to a greater or 
a lesser extent, the precise definitions of the.se numbers and 
the rules governing their addition, subtraction, multiiilication, 
and division. 


2. Number rings 

Consider the set of numbers 

0 . ± 1 . ± 2 , 

Let r,a denote numbers selected from (1). Tlien, wliether t ainl 
8 denote the same or different numbers, the numbers 


r-1-5, r—s, rxs 

all belong to (1). This property of the set (1) is shared by other 
sets of numbers. For example, 

all numbers of the form (2) 


where a and 6 belong to (1), have tl»e same pro|)ert\ ; if r and s 
belong to (2), then so do r-s, and r / A set uf nmiiher.s 
having this property is called a king of numbers. 

4703 

B 
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3. Number fields 

3.1. Consider the set of numbers comprising 0 and every 
number of the form p/j, where p and q belong to (1) and q is not 
zero, that is to say, 

the set of all rational real numbers. (3) 


Let r ,5 denote numbers selected from (3). Then, when 8 is not 
zero, whether r and s denote the same or different numbers, 
the numbers . 


all belong to the set (3). 

This property characterizes what is called a field of numbers. 
The property is shared by the following sets, among many 
others:— 

the set of all complex numbers; (4) 

the set of all real numbers (rational and irrational); (5) 

the set of all numbers of the form where p and 

q belong to (3). (b) 

Each of the sets (4), (5), and (6) constitutes a field. 


Definition. A set of numbers, real or complex, is said to form a 
FIELD OF NUMBERS whcu, if T and 8 belong to the set and s is not 

r+s, r—s, rxs, r-^s 
also belong to the set. 

Notice that the set (1) is not a field; for, whereas it contains 
the numbers 1 and 2, it does not contain the number 

3.2. Most of the propositions in this book presuppose that 
the work is carried out within a field of numbers; what particular 
field is usually of little consequence. 

In the early part of the book this aspect of the matter need 
not be emphasized; in some of the later chapters the essence of 
the theorem is that all the operations envisaged by the theorem 
can be carried out within the confines of any given field of 
numbers. 

In this preliminary^ note w'e wish to do no more than give a 
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formal definition of a field of numbers and to familiarize the 
reader with the concept. 

4. Matrices 

A set of mn numbers, real or complex, arranged in an array of 
m columns and ti rows is called a matrix. Thus 

®21 ®22 • ® 2m 

®iil ®n2 • • 

is a matrix. When m = n we speak of a square matrix ofordern. 

Associated with any given square matrix of order 7i there are 
a number of algebraical entities. The matrix written above, 
with wi 5= n, is associated 

(i) with the determinant 

Ull Oi2 • • ®ln * 

®21 ^22 * * 

• ♦•••* 

®nl ®n2 • • 

(ii) with the form 

n n 

I 1 

r=1 a — 1 

of degree 2 in the n variables 

(iii) with the bilinear form 

n n 

1 2 

r-1 

in the 2?! variables and yj,..., 

(iv) with the Hermitian form 

2 2 
r*=l 

where x, and x, are conjugate complex numbers; 

(v) with the linear transformations 


= l<^ra^a 

(r = 

“ 2 ^r$ 
r-l 




4 preliminary note 

The theories of the matrix and of its associated forms are 
closely knit together. The plan of expounding these theories 
that I have adopted is, roughly, this; Part I develops properties 
of the determinant; Part II develops the algebra of matrices, 
referring back to Part I for any result about determinants that 
may be needed; Part III develops the theory of the other 

associated forms. 


CHAPTER I 


ELEMENTARY PROPERTIES OF DETERMINANTS 


1. Introduction 

1.1. In tlie following chapters it is assumed that most 
readers will already be familiar with determinants of the seeond 
and third orders. On the other hand, no theorems about such 
determinants aie assumed, so that the account given here is 

complete in itself. 

Until the middle of the last century the use of determinant 
notation was practically unknown, but once introduced it 
gained such popularity that it is now employed in almost e\eiy 
branch of mathematics. The theory has been developed to such 
an extent that few mathematicians would pretend to a know¬ 
ledge of the whole of it. On the other hand, the range of theory 
that is of constant application in other branches of mathematics 
is relatively small, and it is this restricted range that the book 


covers. 

1.2. Determinants of the second and third orders. 

Determinants are, in origin, clo.sely connected with the solu¬ 
tion of linear equations. 

Suppose that the two equations 

a^x-\-b^y = 0 , = 0 

are satisfied by a pair of numbers x and y, one of them, at least, 
being difTcrent from zero. Then 


and so 

Similarly, («i^ 2 —~ 0162—02 

The number 016 . 2 — 02 ^^ 1 ^ example 

it Ls usually written as 

1 Oi 611 




61 =: 0. 

of a determinant; 

( 1 ) 


The term 0,62 is referred to as ‘the leading diagonal’. Since 
there are tw'o rows and two columns, the determinant is said 
to be ‘of order two’, or ‘of the second order’. 



B 


p:lemi:ntary properties of detp:rmikants 


The determinant has one obvious property. If, in (1), we 
interchange simultaneously and 6j, and b.^, we get 

—instead of 

That is, the intercliangc of two columns of (1) reproduces the 
same terms, namely a^b.^ and 02 ^ 1 ’ different order and 

with the opposite signs. 

Again. let numbers x, y, and z, not all zero, satisfy the three 
equations a,:r^b,y + c,z = 0, (2) 

a.2X — b.,y \-c. 2 Z “ O, (3) 

(- 1 ) 

then, from efpiation.s (3) and (4), 

ifi2l>^-a^h.^)x-ifuc^-~b3C2)z = 0 , 
i^^>b^ — a.^f>.,)y — {Co(i:i~c^a2)z = 0 . 
and so, from ecpiation (2), 

= {''^(^'2^3- —^3«2) + C,(«->63 —03^2)} = d. 

We denote the coeflicient of r, which may be written as 

% 

^3 ‘ ^'3 ^2‘"^^2 ^^3^1 ~ ^^2^1 ^3 '^^3 ^ 2~^3 

by A: so that o\ir result is cA = 0. 

I’ v similar working we can show that 

rA ^ (I. ?/A = 0. 

Sir)c-(* x. y, and c are n<it all zero. A — n. 

1 he numher A is usuallv written as 

% 


r, , 

a_. b., c., 

^>2 ^3 


in wliirli I'll Ill it is reft-rrcd to as a ‘determinant of order three’ 
or a dctt iniinant «>! ilio third onler'. d'he term a, /a, r.> is 
relej ic<l to as ‘il.c Icadine diagonal'. 

1.3. It i-> thus suL:a:c.''t<.‘<l that, assoriated with n linear 
c<[U.ilions in it variahles. sav 


n, j- - b^y .. 





ELEMENTARY PROPERTIES OF DETERMINANTS 


7 


there is a certain function of the coefficients which must be 
zero if all the equations are to be satisfied by a set of values 
ar, y,..., z which are not all zero. It is suggested that this 
function of the coefficients may be conveniently denoted by 

flj 6j . . » 

^ ft • * ^2 


in which form it may be referred to as a determinant of order n, 
and cfi 62 ... k„ called the leading diagonal. 

Just as we formed a determinant of order three (in § 1.2) by 
using determinants of order two, so we could form a deter¬ 
minant of order four by using those of order three, and proceed 
step by step to a definition of a determinant of order n. But this 
is not the only possible procedure and we shall arrive at our 
definition by another path. 

We shall first observe certain properties of determinants of 
the third order and then define a determinant of order n in 
such a way that these properties arc j)reserved for deter¬ 
minants of every order. 

1.4. Note on definitions. Then* arc many <lirfeR i\t ways of tlcfiiung 
a determinant of order n, though all the dehnitions lea<l to the sarno 
result in the end. The only particular merit w»* claim for our own <lerini- 
tion is that it is ca-sily reconcilable with any of the others, and so tnnkes 
reference to other books a simple mutter. 

1.5. Properties of determinants of order three. As we 
have seen in § 1 . 2 , the determinant 

*1 Cl 
0*2 ^2 ^2 
*^3 ^3 C3 

stands for the expression 

The following facts are all but self-evident: 

(I) The expression ( 1 ) is of the form 

2 ± 
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wherein the sum is taken over tiie six possible ways of assigning 
to r, s, t the values 1 , 2 , 3 in some order and without repetition. 

(IT) The leading diagonal term 17,62^3 is prefixed by +. 

(Ill) As with the determinant of order 2 (§ 1 . 2 ), the inter¬ 
change of any two letters throughout the expression (1) repro¬ 
duces the same set of term.s, but in a ditferent order and witli 
tlie oj)posite signs prefixed to them. For example, when a and 6 
are intcrchangcdt in (1), we get 

\vhirl> consists t)f the terms of (1), but in a ditferent rjrder and 
with the opposite .sign.s prefixed. 


2 . Determinants of order n 

2.1. Having ol).serve<! (§ l.o) tlirce essential properties of a 
(letenninanl (tf tlu‘ tliird order, we now define a determinant 
of order n. 


Dki imtion. The ih fcrmifiant 



"1 

h, . 

• Ji 

^•1 


a.. 

h., . 

• 

A-o 


« 

■ 

• Jn 




is (hut film (ion of the o's, fi'.< 
r<)n(tifion-<-. 


k's which sdtisjics (he three 


(I) it i'i an r.rprcssion of the form 


V 4,,^(2) 

n f/nrin Me su}n is talcm on r (he n\ i>ossi})le ways of assiyuiny 
(0 r. s . 0 (he rahies 1. 2. }i in sonic order, and without 


}(jit (ition ; 

(II) (he (rnditi'j diatjonal tenn. r/,^. is jwcji.rc’t i>y the 
si'jn ■ \ 

(III) (he si<jn jircji.rcit to any other (enn is such that the inter¬ 
change of any two letters^ throughout (2) rcjirodnces the same 


I l.i•ut th<* 'iniI Tv a utid f/ to dt nolo 

.-inuihat.-MU- iuu u iiiul a> and rtiid ^3.n,j and l>,i. 

;J S'" pTfV tooliuitr*. 'l\.v ml«Ti <>i and </, Ht\y, 

-1 tiniit.iri' * I- inl'i 


tho 

tho 


and in„| nnd /.j. 
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set of terms, but in a different order of occurrence, and with 
the opposite signs prefixed. 

Before proceeding we must prove that the definition yields 
one function of the a’s, ^‘’s and one only. The proof that 

follows is divided into four main steps. 

First step. Let the letters a, b,..., k, which correspond to the 
columns of (I), be written down in any order, say 

d, g, a, p, • (■^) 

An interchange of two letters that stand next to each otlier is 
called an adjacent interchange. Take any two letters and 
q, having, say, yn letters between them in the order (A). By 
?n+l adjacent interchanges, in each of which p is moved one 
place to the right, we reach a stage at whicli p comes ne.xt 
after q\ by m further adjacent interchanges, in each of which q 
is moved one place to the left, w'e reach a stage at wliich the 
order (A) is reproduced save that p and q have changed j)laces. 
This stage has been reached by means of 27n + l adjacent 
interchanges. 

Now' if, in (2), we change all the signs 2m+l times, we end 
with signs opposite to our initial signs. Accordingly, if the 
condition (III) of the definition is satisfied for adjacent inter¬ 
changes of letters, it is automatically satisfied for every inter¬ 
change of letters. 

Sexmvd step. The conditions (I), (II). (HI) fix the value of 
the determinant (of the second order) 



to be For, by (I) and (II), tlie value must be 

and, by (HI), the interchange of a and b must change the signs, 

so that we cannot have aj 62 -fa 2 ^i- 

Third sUp. As.sume, then, that the conditions (I), (II), (III) 
are sufficient to fix the value of a determinant of order 7i—1. 
47oa c 
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By (I), the determinant contains a set of terms in which a 
has the sufi&x 1; this set of terms is 

wherein, by (I), as applied to A„, 

(i) the sum is taken over the (w—1)! possible ways of 
assigning to 5, i,..., B tlie values 2, 3,..., n in some order 
and without repetition. 

Moreover, by (II), as applied to A„, 

(ii) the term 62 • • • ^‘n ^ prefixed by -j-. 

Finally, by (III), as applied to A„, 

(iii) an interchange of any two of tlie letters 6, c,..., k changes 
the signs throughout (3). 

Hence, by our hypothesis that the conditions (I), (II), (HI) 
fix the value of a determinant of order n — 1, the terms of (2) in 
which a has the suffix 1 are given by 




(3 a) 


This, on our assumption that a determinant of order n —1 is 
defined by the conditions (I), (II), (III), fixes the signs of all 
terms in (2) that contain ®i^n‘ 

Fourth step. The interchange of a and b in (2) must, by 
condition (III), change all the signs in (2). Hence the terms of 
(2) in which b has the suffix 1 are given by 



^3 ^3 

• • « • 

C,, 



(3 b) 


for (3 b) fixes the sign of a term byagCf,..kQ to be the opposite of 
the sign of the term a^bgCi...kQ in (3a). 

The adjacent interchanges 6 with c, c with d, ..., j with k 
now show that (2) must take the form 
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II 




Cg . 

4 lC ^ 

-61 

•» 

fo 4 

• ^‘*2, 

4-^1 

«2 

^2 • 

4 ^^2 


63 

C3 . 

• ^3 


Os 

C3 4 

• ^"3 

1 

O3 

63 4 

• ^3 


• 

K 

• • 

4 • 

• K 


• 

• • 

4 « 


# 

K ■ 

4 4 

■ 


4(-1)"-U4 

«2 

63 . 

• j2 


«3 

63 . 

■ H 


• 

• • 

K ■ 

• 4 

■ jn 



That is to say, if conditions (I), (II), (III) define uniquely a 
determinant of order n — 1 , then the}' define uniquely a deter¬ 
minant of order n. But they do define uniquely a determinant 
of order 2 , and hence, by induction, they define uniquely a 
determinant of any order. 


2.2. Rule for determining the sign of a given term. 
If in a term a,bg...k '0 there are sullixes le.ss than n that 
come after n, we say that there are A„ inversions with respect 
to n. For example, in the term there is one inversion 

with respect to 4. Similarly, if there are A,j_j suffixes less than 
n— 1 that come after n—l, we say that there are A„_j inversions 
with re.si)ect to 7 i— 1; and so on. The sum 


N ~ Aj-|-Ao-f-••• 4'A„ 

is called the total number of inversions of suffixes, 
n = 6 and the term ^ ^ ^ f 


Thus, with 
(5) 


Ag ^ 2, since the suffixes 1 and 5 come after C, 

Ag = 0, since no suffix less than .*3 comes after 5, 

A 4 = 3, since the suffixes 3, 2, I come after 4, 

A3 =2. A2= 1,Ai = 0: 

the total number of inversions i.s 24-34-24-1 = 8 . 

If ci^b^...kQ has A„ inversions with respect to n, then, leaving 
the order of the suffixes 1, 2,..., n — l unchanged, we can make 
n to be the suffix of the nth letter of the alphabet by A„ adjacent 
interchanges of letters and, on restoring alphabetical order, 
make n the last suffix. For example, in (5), where A„ = 2 , the 
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two adjacent interchanges / with e and / with d give, in 
succession) ^ /j f ^ n h c f d 

04 03 c ^ a^Ji 65, 04 03 Cgjs cz 1 ^5- 

On restoring alpliabetical order in the last form, we have 

in which the suffixes 4, 3, 2, 1, 5 are in their 
original order, as in (5), and the suffix 6 comes at the end. 

Similarly, when n has been made the last suffix, A„_i adjacent 
interchanges of letters followed by a restoration of alphabetical 
order will then make n —1 the {n —l)th suffix; and so on. 

Thus A^+Ag+.-.H-A^ adjacent interchanges of letters make 
the term a^b^...k-g coincide with 0160 .By (III), the sign 
to be prefixed to any term of ( 2 ) is { — 1 )*^, where N, i.e. 
Ai-f-Ao + ...+A„, is the total number of inversions of suffixes. 

2.3. The number N may also be arrived at in another w'ay. 
Let 1 < 7 a < n. In the term 

a^b„...kg 

let there be ju,„ suffixes greater than m that come before vi. 
Then the suffix m comes after each of tliese greater suffi.xes 
and, i»i evaluating N, accounts for one inversion with respect 
to each of them. It follow's that 

- i M,.. («) 

m * 1 


3 . Properties of a determinant 

3.1. Theorem 1. The determinant A„ o/§ 2.1 can be cj^panded 
in either of the forms 

(i) 2 ( — 


where S is the total number of inversio7is in the suffixes r, s,..., 6; 


flj b.. 


' — ^1 

Oo 

C 2 

• 

A*.> 4" • 


< ^^3 

^3 

k'-i 

1 

Oa 


• 

/.•3 


• 

• # 

c„ 

# % 

A-',, 

1 

• # 

• 

• 

K 




+ (- 

-1)" 

-1A*1 

b. 

• 

J2 





O3 

b. 

• « 

J3 


• * Jn 


This theorem has been proved in §2. 
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Theorem 2. A determinant ia unaltered in value when rows 
and columns are interchanged; that ia to say 



h 

• 

• 

i-1 

1 

Ol 

«2 

t 



b. 

• 

• 

A.*2 



62 


• b„ 

« 

• 

bn 

■ 

• 

» 

« 


• 

k, 

• 

^2 

• 

m » 


By Theorem 1, tlie second determinant is 

2 (—{"J 

where a, P,..., k are the letters a, 6,..., k in some order and M is 
the total number of inversions of letters. 

[There are inversions with respect to k in if there 

are letters after k that come before k in the alphabet; and so 
on: P 1 +P 2 + the total number of inversions of letters.] 

Now consider any one term of (7), say 

( 8 ) 

If we write the product with its letters in alphabetical order, 
we get a term of the form 

{—\yfa^b„...jik0. (9) 

In (8) there are /u„ letters that come after k, so that in (9) there 
are suffixes greater than 0 that come before 6, The;'C are 
Pn-i letters that come before in the alpliabet but after it in 
(8), 80 there are suffixes greater than t that come before 
it in (9); and so on. It follows from §2.3 that M, which is 
defined as 2 Mn> 1® equal to N, where N is the total number of 
inversions of suffixes in (9). 

Thus (7), which is the expansion of the second determinant 
of the enunciation, may also be written as 

which is, by Theorem 1, the expansion of the first determinant 
of the enunciation; and Theorem 2 is proved. 

Theorem 3. The interchange of two columns, or of two rows, 
in a determinant multiplies the value of the determinant by 

It follows at once from (III) of the definition of A„ that an 
interchange of two columns, i.e. an interchange of two letters, 
multiplies the determinant by —1. 
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Hence also, by Theorem 2, an interchange of two rows 
multiplies the determinant by —1. 

CoROLLAKY. .If a Column {row) is moved past an even number 
of columns (rows), then the value of the determinant is unaltered; 
in particular 



61 

Cl 

d. 


Cl 


h 

d. 


62 

^2 

<7, 


C2 

«2 

^2 

d^ 

^3 

63 

C3 



C3 

O3 

h 

d^ 

O4 

64 

C4 

(^4 1 


C4 

«4 

64 

d. 


If a column (row) is moved past an odd number of columns 
{rows), then the value of the determinant is thereby multiplied 
by —1. 

For a column can be moved past an even (odd) number of 
columns by an even (odd) number of adjacent interchanges. 
In the particular example, abed can be changed into cabd 
by first interchanging b and c, giving acbd, and then inter¬ 
changing a and c. 

3.11. The expansion (ii) of Theorem 1 is usually referred to 
as the expansion by the first row. By the corollary of Theorem 
3, there is a similar expansion by any other row. For example, 




Cl 



«3 

h 

C 3 

^3 

«2 

h.. 


d. 


«l 


Cl 

d. 

03 

^3 

C 3 



a.. 

h 

Cg 

d.. 

«4 

64 

C 4 

^ 4 ! 


04 

64 

C 4 

d. 


and, on expanding the second determinant by its first row, the 
first determinant is seen to be equal to 


«3 

1 Cl c?i 

-^3' 

Cl di 

+C3 

bi di 

-d. 

^1 Cl 


6., C.y d., 

^ ^ ^ 


(J2 ^2 


(Jty bo do 

M 


^2 Cg 


1 

bi C4 ^4 

1 

^4 C4 ^4 


O4 64 ^4 


04 64 C4 


Similarly, we may show that the first determinant may be 
written as 


Cl rfi 

+ ^2 

Oi Cl d, 

-Cg' 

Oi 61 di 

-{-dzl 

«! bi Cl 

^3 C3 C?3 


C3 c/3 


^3 ^3 ^3 


^3 ^3 C3 

64 C4 


O4 C4 ^4 


04 64 


«4 ^4 C4 


—a^ 


« 
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Again, by Theorem 2 , we may turn columns into rows and 
rows into columns without changing the value of the deter¬ 
minant. Hence there are corresponding expansions of the 
determinant by each of its columns. 

We shall return to this point in Chapter II, § 1. 

3.2. Theorem 4 . If a defen/nnant has tico columns, or two 
rowSy identicaly its value is zero. 

The interchange of the two identical columns, or rows, 
leaves its value unaltered. But, by Theorem 3, if its value is r, 
its value after the interchange of the two columns, or rows, 
is —X. Hence x — —x, or 2x = 0. 

liiEORKM i5. If each element of one column, or row, is multi- 

plietl hy a factor Ky the value of the determinant is therehy jnvlti- 
plied by K. 

This is an immediate corollary of tlie definition, for 

2 ±Ka^b^...kQ = A' J 

3.3. Theorem 6 . The determinant of order n, 


«! + «! 


+ 




• • 

« • « • 

• • • 


is equal to the sum of the 2 " determinants corresponding to the 

2 " different ways of choosing one letter from each column; in 
particular, , . « . 

a.y-{-(X2 ^2+^^ I 

is the sum of the four determinants 


a, 6 , 

y 

«i A 

y 

0(1 6 , 

y 

•^1 A 

02 62 


"2 A 


<X2 62 


^2 A 


This again is obvious from the definition; for 


is the algebraic sum of the 2 " Kuminations typified by taking 
one term from each bracket. 
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3.4. Theorem 7. The value of a determinant is unMtered if 
to each element of one column (or row) is added a constant 
multiple of the corresponding dement of another column {or row); 
in particular, 

Ol hi C^ = • 

Og ^2 ^2 ^2 

®3 ^3 ®3 + ^^3 ^3 ^3 

Proof, Iiet the determinant be A„ of § 2.1, x and y the letters 
of two distinct columns of A„. t*et A^ be the determinant 
formed from A„ by replacing each x, of the x column by 
where A is independent of r. Then, by Theorem 1, 

Ajj = 2 (— ••• (^u“l“^2/u) Vt ^9 



♦ 2/1 • 

+ 

®1 • ^1/1 • 2/1 • 


^2 • ^2 * 2^2 • ^2 

1 


O2 ^2 • ^^2 • 2/2 • ^2 


• Vn • 


• •« « 

a„ 6 „ . Ay„ . yn • 


But the second of these is zero since, by Theorem 5, it is A times 
a determinant which has two columns identical. Hence A^ = A„. 

Corollaries of Theorem 7. There are many extensions of 
Theorem 7. For example, by repeated applications of Theorem 7 
it can be proved that 

We may add to each column {or row) of a deiertninant fixed 
multiples of the subsequent columns {or rows) and leave the value 
of the determinant unaltered; in particular. 


— 

®i+A6i+^i 

61-hvCi Cl 

^2 ^2 ^2 

a2-f-A62~f~^*’C2 

62“!" *^^2 ^2 

^3 ^3 ^3 

®3H“A63+/iC3 

^ 3 *i "»'''‘3 ^3 


There is a similar corollary ivith preceding instead of subse¬ 
quent. 

Another extension of Theorem 7 is 

We may add multiples of any ONE column {or row) to every other 
column {or row) and leave the value of the determinant unaltered; in 
jyarticular, 

^1 . 

^2 ^2 U 2~^^^2 ^2 C 2 ~ 1 “ M ^2 

^3 ^3 1 ®3“1“A63 63 
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There are many others. But experience rather than set rule 
is the better guide for further extensions. The practice of 
adding multiples of columns or rows at random is liable to lead 
to error unless each step is checked for validity by appeal to 
Theorems. For example, 

A = ai+A6i 

^ 2+^62 c^-\~va>2^ 

Ug+Ata 634-/AC3 Cg+rUa! 

is, by Theorem 6, 



*1 

Cj -f- Afcj 

pCi 

VQi 

02 

6, 

C2 

A62 

fXC., 

VUg 

O3 


C3 

A63 

IXC3 

I'd 3 


all the other determinants envisaged by Theorem 6, such as 

A6I ^1 I 
A&2 ^2 ^2 

A/>3 63 Cg I 

being zero in virtue of Theorems 4 and 5. Hence the deter- 
minant A is equal to 

/>i Cl . 

do ^2 ^2 

^3 ^3 ^3 

Note. One of the rnoro curioiis errors into wliich ono is led by adding 
multiples of rows at random is a fallacious proof that A = 0. In the 
example just given, ‘subtract second column from first, add soconc and 
third, odd first and third’, corresponds to A = -1,^ - l.v - 1. a choice 

of values that will (wTongly. of course) ‘prove* that A - 0: the mani¬ 
pulation of the columns ha.s not left Iho value unaltered, but multiplied 
the determinant by a zero factor, 1 -j-Ape. 

3.5. Applications of Theorems 1-7. As a convenient 
notation for the application of Tlieorcm 7 and its corollaries. 

we shall use + 

to denote that, starting from a determinant A„, we form a new 
determinant whose kth row is obtained by taking I times tlio 

4703 D 
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first row plus m times the second row plus...plus t times the 
nth row of A„. The notation 

cIl = ACi+/LtC24-... + /CCrt 

refers to a similar process applied to columns. 


Examples I 


1. Find the value of 


A = 


87 

42 

3 

— 1 

45 

18 

7 

4 

50 

17 

3 

— 6 

91 

9 

6 

0 


Tlie working that follows is on illustration of how one may deal with 
an isolated numerical determinant. For a systematic method of com¬ 
puting determinants (one which reduces the order of the determinant 
from, say, 6 to 5, from 5 to 4, from 4 to '3, from 3 to 2) the reader is 
referred to Whittaker and Robinson, The Calculus o/ Observations 
(London, 1926), chapter v. 

On wxiting c{ = Ci —2cg —Cj, ci = Cs4-3c4, 



0 

42 

0 

-1 






2 

18 

19 

4 






13 

17 

— 12 

-5 






67 

9 

6 

0 

• 





-42 

2 

19 

4 

+ 

2 

18 

19 



13 

— 12 

— 5 


13 

17 

— 12 



67 

6 

0 

1 

67 

9 

6 


by Theorem I. On expanding the third-order determinants, 
A = -42{2(30)-13( — 24) + 67(-96 + 48)}+ 

+ {2(102+108)-13(108-171) + 67( —210-323)}, 
2. Provo thatf 

1 1 1 I = (a-)3)()3-y)(y-a). 

a ^ y 

^y ya 

On taking = Cj —Cj, = Cj —c,, the determinant becomes 

10 0 
a a y~^ 

y{a—/3) a03—y) 


etc. 


t This determinant, and others that occur in this set of examples, can be 
evaluated quickly by using the Remainder Theorem. Hero they are intended 
as exercises on §§ 1-3. 
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which, by Theorems 1 and 5, is equal to 


i.e. 

3. Prove that 

A = 


(a-/3)(j5-y) 


i<x-W 


0 (a-j3)« 

(/S-a)* 0 

(y —a)* (y—^)* 


y a 
— a). 


(a—y)* (a-8)* 

(i3-y)* (iS-8)* 

0 (y-8)=> 

(S-y)» 0 




When we have studied the multiplication of determinants we sliall 
see (Examples IV, 2) that the given determinant is ‘obviously’ zero, 
being the product of two determinants each having a column of zeros. 
But, at present, we treat it as an exercise on Theorem 7. Take 


r'l = —r, and remove the factor a—^ from r{ (Tlicorom 5), 

—Tj anti remove the factor fi — y from r.^. 

Tj = r,—r 4 and remove the factor y —8 from rj. 

Then A/(a—y)(y —8) is equal to 


—a—j8 a+/S—2y cii + /S —28 

/3+y—2a —)S + y y jSry'-28 

y + 8 —2a y + 8 —2j9 —y4-8 y —8 

(8-a)* (8-^)* (8-y)» 0 


In this take c[ = c, —c,, c't = Cj — Cj, c', = c^ — c^ and remove the factors 
y~/3, 8 —y; it becomes 


(^-Q)(y-/5)(8-y) 


2 

2 

2 

28-a-iS 


2 2 a 1)3-28 

2 2 )3 + y-28 

2 2 y-8 

28 —^ — y 8 —y 0 


In the last determinant take r[ s= r, —r,, r.^ = Tj —r,; it becomes 


0 

0 

2 

2S-a-)3 


0 0 

0 0 

2 2 

28—/3—y 8 —y 


)3-8 

y-8 


0 


» 


which, on expanding by the first row, is zero since tlic determinant of 
order 3 that multiplies a —y is one with a conij)li te row of zeros. 

4. Provo that 


0 (a-^)’ (a-y)’ 

()3-a)» 0 (j8-y)> 

(y—a)* (y—/SF ^ 
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6. Prove that 

a p y 

a* y* 

^+y y+o£ ce+jS 

Hint. Take = fj+J*** 
6. Prove that 


= (a+^+y)03—y)(y—a)(a—^). 


7. Prove that 


8. Prove that 



1 

1 

1 

1 


0. 


a 


y 

8 




^+y 

y+8 

S+a 

a+^ 




8 

a 


y 




0 


a>-y* 

a*- 

8» 



-a* 

0 

^a_y* 


S» 


y* 

-a* 


0 

y*- 

8* 


s» 

-a* 


8*—y* 

0 



Theorem 6. 






2a 

a4*^ 

a+y 

a4-8 


: 0. 


P + oi 

2^ 

P+Y 

^+8 




y+a 

y+^ 

2y 

y+8 




S + a 

S+i3 

8 + y 

28 




9. Prove that 

1 1 1 

a ^ y 

j9y8 ySoc 8a^ 

a* y» 

10. Provo that 

A s 


1 

a 

a* 


= (a—)3 )(q:— y)(Qt—8)(^—y)(^—8)(y—S) 


0 

— a 
-6 

— c 


o 

0 

-d 
— e 


6 

d 

0 

“/ 


c 

e 

/ 

0 


= (a/—6e-}-c<f)*. 


Ol 

^3 


The determinant may bo evaluated directly if we consider it as 

6i c, di 

c, dj 

^3 ®3 ^3 

04 64 C4 d ^ 

wliose expansion is ^ the value of N being determined 

by tho rule of § 2.2. There are, however, a number of zero terms in the 
expansion of A. The non-zero terms are 

ay* [ojaiCidj and so is prefixed by (—1)*], 

6*e*, c*d*, each prefixed by +, 
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two terms aebj [ono Oj 64 ^ 3 , the other Oj 6 ^ c^ rfi, and so each prefixed 

by (-in. 

two terms adfc prefixed by +, and two terms cd 6 e each prefixed by . 
Hence A = a^f* + b*e*-{-c^d^-2aebf-\-2afcd-2becd. 

11. Prove that the expansion of 

0 c 6 d 
c 0 a e 
6 a 0 / 
d e f 0 

is a*d* + 6V + c‘/*—26 c€/— 2ca/d —2cd)d€. ^ 

12. Prove that the expansion of 

0 111 
1 0 2» y* 

1 z* 0 X* 

1 y* X* 0 

is 2 3 :* —2 5) y**®- 

13. {Harder.) Exprc-ss the determinant 

x+o bed 
b x+c d a 

c d x+a 6 

dab x+c 

as a product of factors. 

Hint. Two linear factors x-f-a + c±( 6 +d) and one quadratic factor. 

14. From a determinant A, of order 4, a new determinant A' is 
formed by taking 

C\ = Cid-Ac,, + C', = C, + VCp c't = C4. 

Provo that A' = (1 d-A^i')A. 

4. Notation for determinants 

The determinant A„ of §2.1 Is sufficiently indicated by its 
leading diagonal and it is often written as {(iib^c^ ... 

The use of the double suffix notation, which we used on p. 3 
of the Preliminary Note, enables one to abbreviate still further. 
The determinant that has as the element in the rth row 
and the «th column may be written as |a,,|. 

Sometimes a determinant is sufficiently indicated by its first 
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row; thus may be indicated by \a^b^c^...lc^\, but 

the notation is liable to misinterpretation. 

5. Standard types of determinant 

5.1. The product of differences: alternants. 

Theorems. The determinant 

/33 

a 2 )32 y 2 82 
oc p y ^ 

1111 

is equal to (a-^)(a-y)(ot-S)(i3-y)(/3-S)(y-S); the correspond¬ 
ing determinant of order n, namely i)^ is equal to the 

product of the differences that can be formed from the letters 
a, p,...y K appearing in the determinant, due regard being paid 
to alphabetical order in the factors. Such determinants are called 

ALTERNANTS. 

On expanding we see that it may be regarded 

(а) as a lioinogeneous polynomial of degree 6 in the variables 
a, p, y, 5, the coefficients being ^ 1 ; 

( б ) as a non-homogeneous polynomial of highest degree 3 in 
a, the coefficients of the powers of a being functions of 

P> y, S- 

The determinant vanishes when cx. = p, since it then has two 
columns identical. Hence, by the Remainder Theorem applied 
to a polynomial in a, the determinant has a factor oc~p. By 
a similar argument, the difference of any two of ot, p, y, 8 is a 
factor of A 4 , so that 

A 4 = A'(a-^)(a-y)(c.-S)(/3-y)(i3-S)(y-8). (10) 

Since A 4 is a homogeneous polynomial of degree 6 in a, p, y, 8 , 
the factor K must be independent of a, p, y, 8 and so is a 
numerical constant. The coefficient of a^p^ on the right-hand 
aide of (10) is K, and in A 4 it is 1. Hence A = 1 and 

A 4 = (a~^)(o£—y)(a —S)(/3—y)(^—S)(y—5)- 

The last product is conveniently written as ^(a, p, y, 8 ), and 
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the corresponding product of differences of the n letters 
a, jS,..., K as k). This last product contains 

(»-l)+(«-2) + ... + l 

factors and the degree of the determinant 1 ) is 

also (n—l)-f (n— 2 )+... + !, so that the argument used for A 4 
is readily extended to A„. 


5.2. The circulant. 

Theorem 9. The determinant 


A = 


«1 

«2 

^3 • 

* 



02 ■ 


«n-X 

«» 


• ^ n ~2 

«2 

# 4 

“3 

4 

04 . 

. Oi 


= n («i tii -f*... 


CO 


ll-l 


), 


where the 'product is taken over the n-th roots of unity. Such a 
determinant is called a circulant. 

Let CO be any one of the n numbers 

2k7T , . . 2kn ,, , ^ \ 

cojif = cos-(-tsin- (A; = l,2,...,n) 


n 


n 


In A replace the first column by a new column cj, wlicre 

= Ci + toCa+co^Cs-f 

This leaves the value of A unaltered. 

The first column of the new determinant is, on using tlje fact 
that co" = 1 and writing = a, 

Qj- 1-^2 ••• = a, 

= coa, 


02<o"4-a3<o"+^ + ...H-a„<o*'»-*-j-aico"“' = 

Hence the first column of the new determinant has a factor 
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a = is therefore (Theorem 6) a 

factor of A. This is true for cu = co* (A: = 1,2,...,n), so that 

Moreover, since A and YI homogeneous of degree n in the 
variables a„, the factor K must be independent of these 

variables and so is a numerical constant. Comparing the 
coefficients of a” on the two sides of (11), we see that K — 1 . 

6. Odd and even permutations 

6.1 . The w numbers r, s,..., 0 are said to be a permutation 
of 1, 2,.,., n if they consist of 1, 2,..., n in some order. We can 
obtain the order r, a,..., 6 from the order 1, 2 ,..., n by suitable 
interclianges of pairs; but the set of interchanges leading from 
the one order to the other is not unique. For example, 
4 3 2 6 1 5 becomes 12 3 4 5 6 after the interchanges denoted by 

/4 3 2 6 1 5\ /I 3 2 6 4 5\ /I 2 3 6 4 5\ /I 2 3 4 6 5\ 

\1 3 2 6 4 5/’ \1 2 3 6 4 5 /’ \l 2 3 4 6 5/’ \1 2 3 4 5 6/* 

whereby we first put 1 in the first place, then 2 in the second 
place, and so on. But we may arrive at the same final result by 
first putting 6 in the sixth place, then 5 in the fifth, and so on: 
or we can proceed solely by adjacent interchanges, beginning by 

/4 3 2 6 1 6\ /4 3 2 1 6 5\ 

^ 3 2 1 6 5 /’ \4 3 1 2 6 5/* 

as first steps towards moving 1 into the first place. In fact, as 
the reader will see for himself, there is a wde variety of sets of 
interchanges that will ultimately change 4 3 2 616 into 12 3 4 5 6. 

Now suppose that there are K interchanges in any one way 
of going from r, 5,..., 6 to 1, 2,..., n. Then, by condition III in 
the definition of a determinant (wde,§ 2.1), the term aj.bg.,.k 0 
in the expansion of A„ = ^ prefixed by the sign 

(—I)*-'. But, as we have proved, the definition of A,^ by the 
conditions I, II, III is unique. Hence the sign to be prefixed 
to any given term is uniquely determined, and therefore the 
sign ( — 1)^' must be the same whatever set of interchanges is 
used in going from r, a,..., 0 to 1, 2,..., n'. Thus, if one way of 
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going from r, s,..., 6 to 1 , 2 ,..., n involves an odd (even) number 
of interclianges, so does every way of going from r, s,..., 6 
to 1 , 2 ,..., n. 

Accordingly, every permutation may be characterized either 
as EVEN, when the change from it to the standard order 1, 2,..., n 
can be effected by an even number of interchanges, or as odd, 
when the change from it to the standard order 1 , 2 ,..., n can 
be effected by an odd number of interchanges. 

6.2. It can be proved, without reference to determinants, 
that, if one way of changing from r, s,..., d to 1, 2 ,..., n involves 
an odd (even) number of interchanges, so does every way of 
effecting the same result. When this has been done it is 
legitimate to define = (aidg-.-A-'n) as where 

the plus or minus sign is prefixed to a term according as its 
suffixes form an even or an odd permutatidh of 1, 2,.,., n. 
This is, in fact, one of the common ways of defining a deter¬ 
minant. 


7. Differentiation 

When the elements of a determinant are functions of a 
variable x, the rule for obtaining its differential coefficient is as 
follows. If A denotes the determinant 






and the elements are functions of x, dAjdx is the sum of the 
n determinants obtained by differentiating the elements of 
one row (or column) of A and leaving the elements of the other 
w—1 rows (or columns) unaltered. For example, 



X 

1 


X 




2x 

1 

0 

+ 


X 

1 

+ 

X‘ 

X 

1 

X? 


X 

1 

3j:2 

2x 

1 




X 

X* 



1 

x^ 



1 

4x^ 

3x2 

2x 


d. 

dx 



26 ELEMENTARY PROPERTIES OF DETERMINANTS 


The proof of the rule follows at once from Theorem 1; since 

the usual rules for differentiating a product give 
dx 

Since, for example, 

da^ da 




■ dlco 


) 




dx 

h 


dx 

b 


n 


n 


dAjdx is the sum of n determinants, in each of which one row 
consists of differential coefficients of a row of A and the remain- 
ing n —1 rows consist of the corresponding rows of A. 


1. Provo that 


ExAIkIPLES II 


1 ^+y 


= : 1 

OC 

OL^ 1 

1 y+a 

y*+a> 

1 1. 

1 1 

1 


1 

1 a+i3 


y 

y^ i 


Hint. Take = Cj—c, = Cj—SjCj, where s, = 

2. Provo that 

1 oc Py \ = ~C{(x,^,y). 


3. Prove that 


1 ^ ya 

1 y aB 


— C(a./3.y). 


1 P+y (j8+y)* 

1 y + a (y+a)* 

1 a-f/S (a+^)* 

4. Prove that each of the detcrroinant-s of the fourth order whoso 
first rows are (i) 1 , p + y + S. a’, a’; (ii) 1. a, /f+y> + 8»,/SyS, is equal to 

Write do\^ni other determinants that equal ±^(cK,^,y,S). 
6* Prove that the ‘skew^ circulant 

= n (^1 + ^*+ + 


«i 


03 

• 


-«n 


02 




-Of. 


% 


■ • 

• • 




“^2 

-a. 

-O 4 ■ 

• 



a 

a 


n-i 

n^t 


a 


whore co runs through tlie n roots of — 1. 
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6. Prove that the circulant of order 2n whose first row is 


Qi df G 3 ••• dm 

is tho product of a circulant of order n (with first row + 

® skew circulant of order n (with first row Oi—«„+!» 

o*—Ofi-f *»•••)• 

7. Prove that the circulant of the fourth order with a first row 
Oit Of Of, Of is equal to 

{(ai + a,)*-(a2+a*)"KK-a3)“+(«*-a*)'}- 

8. When Q{x) ^ ^x-a^){x-af)...^x-aJ, prove that 


1 

1 

. . 1 

-i- 1 

. . 1 

<?(*) “ 

Oi 

On , 


■ • Ofi 

^ ^ A 


t • » « 

Ql 

« « ♦ » ^ 

1 

. . Q"-* 

« ♦ « 

up-’ . 

♦ 4 # 9 

. . or' 


(x-ai)-» . 

. . (x-a„)-i 


■ ■ or* 


9. By putting x = t/“Mn Example 8 and expanding in powers of y, 

show that „Wp, the sum of homogeneous products of Ui, a*. of 

degree pt is ecjual to 


1 


• 

# 

1 

Oi 


• 

9 

«r. 

• 

ay+p-i 

• 

9 

* 

# 

9 

4 # 

„n-3 

afii-p-i 

1 




n-t 

1 

11-1 

l 



10. Provo that 

111 = (J9—+ 

a p y 

y 

Hint. Tho first three factors are obtained as in Theorem 8. Tho 
degreo of tho d(?torminant in a, y is four', so tho remaining factor 
must bo linear in a, y and it must be uiialten'd by the interchange 
of any two letters (for both tho deUrminant and tho product of tho 
first three factors are altered in sign by such an interchange). 

Alternatively, consider tho cocirjcient of 8^ in tlio alternant y, 8). 

11. Provo tliat 

111 = ()3-y)(y-a)(a-^)(^y + ya + a^). 

a* P* y* 
a> r> 

12. Extend tho re.sult.s of Examples 10 and 11 to determinants of 
higher order. 


















CHAPTER II 

THE MINORS OF A DETERMINANT 
1. First minors 

1 . 1 , In the determinant of order n. 



the determinant of order n—l obtained by deleting the row 
and the column containing is called the minor of a/, and so 
for other letters. Such minors are called first jiinors; the 
determinant of order n—2 obtained by deleting the two rows 
with suffixes r, s and the two columns with letters a, 6 is called 
a SECOND minor; and so on for third, fourth,... minors. We 
shall denote the first minors by a,., ft,.... 

We can expand A„ by any row or column (Chap. I, § 3.11); 
for example, on expanding by the first column, 

or, on expanding by the second row, 

A„ “ ——■•• + (—1)"I*2^2* 

1 .2. I’he above notation requires a careful consideration 
of .sign in its use and it is more convenient to introduce 
CO-FACTORS. They are defined as the numbers 

1 > 

such that A„ = Ai-f'02-^2+-*-+^ji 

= ivi+A-2 A'a+.-. + fti A",,, 

these being the expansions of A„ by its various columns, and 

these being the expansions of A„ by its various rows. 
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It follows from the definition that A^, are obtained by 
prefixing a suitable sign to . 

1.3. It is a simple matter to determine the sign for any 
particular minor. For example, to determine whether 62 is 
+72 or —72 ^0 observe that, on interchanging the first two 
rows of A„, 


A„ = - 

«2 

bo 



A-. 

«> 





ft 





# 


^'3 


ft 

bn 

ft 

ft 

♦ 

4 



= —a2a2“f"^2^2“^2y2 + -*-« 

while, by the definition of the co-factors 
so thatCg = — 72 . 

Or again, to determine whether D.^ is +83 or —83 we observe 
that A„ is unaltered (Theorem 3, Corollary) if we move the tliird 
row up until it becomes the first row, so that, on exjianding by 
tljc first row of tlie determinant so formed, 

A,^ = a3a3—^ 3 ^3 + 0373 —^ 3 83+.... 

But A„ = « 3 i 43 + i 3 /:?3 + r 3 C 3 + d 3 Z> 3 +..., 

and so D3 = —S3. 

1.4. If we use tlie double siifiix notation (Ciiap. I. § 4). tlic 
co-factor of in \a^^\ is, liy the procedure of § 1.3. {— 
times the minor of that is, is ( — 1 times the deter¬ 
minant obtained by deleting tlie rtli row and .stii column. 

2. We have seen in § 1 that, with A„ ^ (^i ... /„), 

If we replace the rth row of A„, namely 

... Av, 

by b„ ... k\, 

where e is one of the numbers 1 , 2 ,..., w otlicr tlian r, we thereby 
get a determinant liaving two rows b^ ... k\\ that is, we get a 
determinant equal to zero. But A,, lif,..., K, are unaffected by 
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such a change in the rth row of Hence, for the new deter¬ 
minant, (3) takes the form 

A corresponding result for columns may be proved in the 
same way, and the results summed up thus: 

The. sum of elements of a row {or column) multiplied by their 
oum co-factors is A; the sum of elemenis of a row multiplied by the 
corresponding co-factors of another row is zero; the sum of ele¬ 
ments of a column multiplied by the corresponding co-factors of 
another column is zero. 

We also state these important facts as a theorem. 

Theorem 10. The determinant A — («! b^ ... hf) may be 
expanded by any row or by any column: such expansions take 

one of the forms 

A = a,.^r + *r^r+-*- + ^'r^r. 

where r is any one of the numbers 1, 2,.... n and x is any one of 
the letters a, 6,..., k. Moreover, 

0 = agAf,-\-bgB,.-\-...-\-kgK,.y (7) 

0 = yiXi + y2'^2+ ■+2/n'^n* 

where r, s are two different nu7nbers taken froyn 1, 2,..., n and 
X, y are two different letters taken from a, 6 ,..., k. 

3. Preface to §§ 4-6 

We come now to a group of problems that depend for their 
full discussion on the implications of ‘rank’ in a matrix. This 
full discussion is deferred to Chapter VIII. But even the more 
elementary aspects of these problems are of considerable 
importance and these are set out in §§ 4-6. 

4. The solution of non-homogeneous linear equations 
4.1. The equations 

aiX+6iy+Ci2 = 0, a^xA-b^y-i-c^z — 0 

are said to be homogeneous linear equations in x, y, z\ the 
equations a^x-\-b^y = —Ci, a 2 X-\-b^y = —c^ 
are said to be non-homogeneous linear equations in x, y. 
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4.2. If it is possible to choose a set of values for x, y,..., t so 
that the m equations 

are all satisfied, these equations are said to be consistent. If 
it is not possible so to choose the values of x, y,..., t, the equa¬ 
tions are said to be inconsistent. For example, x-\-y — 2, 
^—y ~ 0, Zx—2y = 1 are consistent, since all three equations 
are satisfied when x = y — 1 ; on the other hand, x~\-y = 2 , 
x~y = 0, Zx—2y = 6 are inconsistent. 

4.3. Consider the n non-homogeneous linear equations, in 
the n variables a;, y,..., f, 

<irX+b^y-\-...-\-k^t = I, (r = l,2,...,7i). (0) 

Let A = (Uj 62 ... k\) and let A^, be the co-factors of 

Or, 6 ,,,.. in A. 

Since, by Theorem 10 , J = A, ^ result 

of multiplying each equation (9) by its corresponding and 
adding is 

that is, Aa; = {l^b.c^... kj, (10) 

the determinant obtained by writing I for a in A. 

Similarly, the result of multiplying each equation (9) by its 
corresponding and adding is 

Ay = liBi-\~...-\-l„B„ = (ffj ... k„), (II) 

and 80 on. 

When A 7 ^ 0 the equations (9) have a unique solution given 
(Ifi). (11), and their analogues. In words, the solution is 
A.a; ia equal to the determinant obtained by -putting I for a in A; 
A.y is equal to the determinant obtained by putting I for b in A; 
and 80 OTi’.f 

When A = 0 the non-homogeneou.s equations (9) arc incon¬ 
sistent unless each of the determinants on the right-hand sides 
(19), (11), and their analogues is also zero. When all such 
determinants are zero the equations (9) may or may not be con¬ 
sistent: we defer consideration of the problem to a later chapter. 

t Some reatlorH may alroa<ly bo fumiliiir with difforcMil forms of sotting out 
thin result—the cliffcrciiccs of form aro unimportant. 
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5. The solution of homogeneous linear equations 

Theorem 11. A 7 i€ccssory atid sufficient coTiditioTi that values^ 
not all zero, 7 nay be assigned to the n variables x, y,..., t so that 
the n homogeneous equations 

aj.x-\-bf.y-\-...-\-kj.t = 0 ix ~ 1*2,...,w) (12) 

hold simultaneously is {a^ 62 ... Ar„) = 0 . 

5.1. Necessary. Let equations (12) be satisfied by values 

of X, 2/,..., ^ not all zero. LetA = 6, ... A'„) and let A,., .S,.,... be 

the co-factors of a,., 6^,... in A. Multiply each equation (12) by its 
corresponding Aj. and add; the result is, as in §4.3, Ax = 0. 
Similarly, ^y = 0, As = 0,..., M = 0. But, by hypothesis, at 
least one of x, y,..., t is not zero and therefore A must be zero. 

5.2. Sufficient. Let A = 0. 

5.21. In the first place suppose, further, that ^ 0. 
Omit r = 1 from (12) and consider the n—l equations 

= —OrX (r= 2,3,...,n). (13) 

where the determinant of the coefficients on the left is A^. 
Then, proceeding exactly as in § 4.3, but with the determinant 
.dj in place of A, we obtain 

A^y s= —{OzC^ ... A*„)x = B^x, 

A^z = —(62 ^3 ^4 k,i)x = C^x, 
and so on. Hence the set of values 

X = y = -^ 1 ^* ^ ^ •••» 

where ^ 0, is a set, not all zero (since d^^ ^ 0), satisfying the 

equations (13). But 

6fj djd"^ 

and hence this set of values also satisfies the omitted equation 
corresponding to r = 1. This proves that A = 0 is a sufficient 
condition for our result to hold provided also that d^ ^ 0. 

If dj = 0 and some other first minor, say Q, is not zero, an 
interchange of the letters a and c, of the letters x and z, and of 
the suffixes 1 and s will give the equations (12) in a slightly 
changed notation and, in this new notation, d^ (the Cg of the 
old notation) is not zero. It follows that if A — 0 and if ariy one 
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first minor of A is not zero, values, not all zero, may be assigned 
to X, y,..., t so that equations (12) are all satisfied. 

5.22. Suppose now that A — 0 and that every first minor of 
A is zero; or, proceeding to the general case, suppose that all 
minors with more than R rows and columns vanish, but that at 
least one minor with R rows and columns does not vanish. 
Change the notation (by interchanging letters and interchang¬ 
ing suffixes) so that one non-vanishing minor of R rows is the 
first minor of in the determinant (Gj ... where e 

denotes the (i?+l)th letter of the alphabet. 

Consider, instead of (12), the i?+l equations 

Ora:+6,y-f-...+c.A = 0 (r = 1, 2 ,..., i?+l), (12') 

where A denotes the (i^-{-l)th variable of the set x, y ,.... The 
determinant A' = [n^ ... = 0, by Iiypothesis, while the 

minor of Oj in A' is not zero, also by Iiypothesis. Hence, by 
§6.21, the equations (12') are satisfied when 

X = .4i> y = Bi, ..., A = A|, (14) 

where are the minors of Oj, in A'. Moreover, 

^ 0. 

Further, if 7?-f 1 < r < n, 

^ 1 “f” ‘4* • • • ^ 1 > 

being the determinant formed by putting a^, b^,... for Gj, bi,... in 
A', is a determinant of order R-^ 1 formed from the coefficients 
of the equations (12); as such its value is, by our hypothesis, 
zero. Hence the values (14) satisfy not only (12'), but also 

a^x-{-b,y~^...-\-e,X — 0 (i?d-l < r < n). 

Hence the n equations (12) are satisfied if we put the values (14) 
for X, y,..., A and the value zero for all variables in (12) other 
than these. Moreover, the value of x in (14) is not zero. 

The minors of a zero determinant 
Theorem 12 . //A = 0, 

4702 

F 
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// A = 0 and if, further, no first minor of A is zero, the co- 
fact&rs of the r-th r<nv {column) are proportional to those of the 
8 -th row {column); that is, 

Ar_B,_ _Kr 

A. B, K, 

Consider the n equations 

a^x+b,y-\-...-\-krl = ^ (r = l,2,...,n). (15) 

They are satisfied by a: = A^, y = t = K^', for, by 

Theorem 10, 

= A = 0, 

a,.A^-\-bj. K-i — 0 (r = 2,3,..., n). 

Now let s be any one of the numbers 2, 3,..., n, and consider 
tlie 71—1 equations 

b,.y-}-c,.z-\-...-{-h^t = a^x {r ^ s). 

Proceeding as in § 4.3, but with the determinant in place of 
A, we obtain 

( 6 i C2 h,^)y = (Ui C2 hj^x, 

( 6 j C 2 h,,)z = {bi 6(2 ^3 ”• ^n)^* 

and so on, there being no suffix s. That is, w’e have 

Agy — BgX, AgZ — OgX, .... 

These equations hold whenever x, y,..., t satisfy the equations 
(15), and therefore hold when 

x = A^, y == t = K^. 

Hence AgB^~ A^Bg, AgC^ — A-^^Cg, .... (10) 

The same method of proof holds w’hen we take 

X = A,., y Bf, ..., t Bf, 

with r ^ 1, as a solution of (15). Hence our general theorem is 
proved. 

If no first 77 iiaor is zero, we may divide the equation 
A,. Bg = Ag B,. by Ag Bg, etc., and so obtain 

Ar_B^_ _K 

. ••• 


(17) 
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Working with columns instead of rows, we hav'e 



and so for other columns. 


Examples III 

1. By solving the equations 

a'x+6''y + c "2 + d7 = a" (r = 0, 1,2,3), 

prove that 

V {a-6)(a-c)(a-d) , , , « o. 

y , —L,-;-::-a' (r = 0,1,2,3). 

(a—6)(a —c)(a—d) • • » / 

Obtain identities in a, b, c, d by considering the cocfficieiits of powers 
of a. 


2. If A denotes the determinant 

a h g 

h b s 

9 S 0 

and 0, F, C are the co-factors of g, f, c in A, prove that 

a0*-f2A/’0 4-iF>-|-2yGC-j-2/FC-fcC* = C^. 

Hint. Use aQ + hF-\-gC — 0, etc. 

3. If tlie determinant A of Exam]))e 2 i.s e(juul to zero, prove that 
~ F*, QH = AF,..., and lienee that, when C 0, 

a{ax^^2hxy-Yby^^2gx-\-2fy + c) = (ax-\-hy-\-y)‘^+~(Cy-F)^. 

Prove also that, if a . h are real numbers and C is negati\'o, then 

80 also arc A and 13. {A = be—/', F = gh—af, etc.] 

4. Provo that the three line.s whose cnrte.sian equations are 

+ + ^ = 0 (r = 1.2, 3) 

are concurrent or parallel if = 0. 

Hint. Make equations homogeneous and u.so Theonun 1 1. 

5. Find the conditions that the four pianos whoso carte.sian equation.^ 
arc <ifX-\-bfy-\-CfZ-^df = 0 (r = 1, 2, 3, 4) should havi- u finite point in 

common. 

6. Prove tliat the equation of the circle cutting the three given circles 

a.*-l-y* + 2^,x-t-2/,y-fc, ^ 0 (r=l,2. 3) 

orthogonally is 

sj’ + y* —X —y 1 

«i 9\ /i I 
9t /t ^ 

C| 9z A * 


= 0. 
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6y writing tho l&st equation ss 

Ci+giX-\-fiy ffi+a: fi+y 
c,+gi®+/iy g»+x /i+y 
ca+g^x+f^y gi-\-x /j+y 



prove that the circle in question is the locus of the point whose polars 
with respect to the three given circles are concurrent. 

7. Express in determinantal form the condition that four given 
circles may have a common orthogonal circle. 


8. Write down 


1 

1 

1 

1 

a 


y 

X 

a* 



X* 

a* 


y* 



as a product of factors, and, by considering the minors of x, x* in the 
determinant and the coefficients of x, in the product of the factors, 
evaluate the determinants of Examples 10, 11 on p. 27. 

9. Extend the results of Example 8 to determinants of higher orders. 


7. Laplace*s expansion of a determinant 


7.1. The determinant 



can be expressed in the form 

2(-i)X<>,c,...i-,, (18) 

where the sum is taken over the n\ ways of assigning to r,6 
the values 1 , 2 ,..., n in some order and N is the total number of 

inversions in the suffixes r, s,..., B. 

We now show that the expansions of A„ by its rows and 
columns are but special cases of a more general procedure. The 
terms in (18) that contain when p and q are fixed, con¬ 

stitute a sum 

a„bJ,AB)^ = 2 ic,...*, (19) 

in which the sum is taken over the (n—2)! ways of assigning 
to B the values 1, 2,..., n, in some order, excluding p and q. 
Also, an interchange of any two letters throughout (19) will 
reproduce the same set of terms, but with opposite signs pre- 
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fixed, since this is true of (18). Hence, by the definition of a 
determinant, either or is equal to the deter¬ 

minant of order n—2 obtained by deleting from A„ the first and 
second columns and also the ^th and ^th rows. Denote this 
determinant by its leading diagonal, say ... where 
t, tt,..., B are 1, 2,..., n in that order but excluding p and q. 

Again, since (18) contains a set of terms apb^{AB)p^^ and an 
interchange of a and b leaves {AB)^^ unaltered, it follows 
(from the definition of a determinant) that (18) also contains 
a. set of terms —a^bpiAB)^^. Thus (18) contains a set of terms 

{apb^-a^bp){AB)j,^, 

But we have seen that {AB)^^ — d:(c, f/„... A*^), and the deter- 
nainant ^ph^—a^bp may be denoted by {Qpb^), so tlmt a t 3 pical 
set of terms in (18) is 


±{<^p^q){c,d,,...ko). 

Moreover, all the terms of (18) are accounted for if we take all 
possible pairs of numbers p,q from 1, 2 ,..., n. Hence 

where the sum is taken over all possible pairs p,q. 

In this form the fixing of the sign is a simple matter, for tlie 
leading diagonal term of the determinant {(ipb^) is pre¬ 
fixed by plus, as is the leading diagonal term Ctd,^...k-g of the 
determinant {C|d^^...kg). Hence, on comparison with (18), 


where 


== J.{-\)^\(ipb^){Cid^...kQ), 


( 20 ) 


(i) the sum is taken over all possible pairs p, q, 

(ii) t, u,..., 6 are 1 , 2 ,..., n in that order but excluding p and q, 

(iii) N is the total number of inversions of suftixes in 

P, q, t, u,..., 0. 

T.he sum (20) is culled the expansion of A„ by its first two columns. 

7.2. When once the argument of §7.1 has been grasped it is 
intuitive that the argument extends to expansions such as 

= Z ( — 1 \ '’r ^ J(«M • • ■ 

and so on. We leave the elaboration to the reader. 


( 21 ) 

( 22 ) 
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The expansion (20) is called an expansion of A„ by second 
minors. ( 21 ) an expansion by third minors, ( 22 ) an expansion 
by fourth minors, and so on. 

Various mo(Jifications of §7.1 are often used. In §7.1 we 
expanded A„ by its first two columns: we may, in fact, expand 
it by any two (or more) columns or rows. For example, A„ is 

equal to , 

^2 ^2 ^2 • * ^2 
• •••*** 

as we see by interchanging a and c and also b and d. The 
Laplace expansion of the latter determinant by its first two 
columns may be considered as the Laplace expansion of A„ by 
its third and fourth columns. 


7.3. Determination of sign in a Laplace expansion 

The procedure of p. 29, § 1.4, enables us to calculate with ease 
the sign appropriate to a given term of a Laplace expansion. 
Consider the determinant A = lOrsK that is, the determinant 
having the element in its rth row and 5th column, and 

its Laplace expansion by the 5 jth and s^th columns (Sj < 52 ). 
This expansion is of the form 



where (i) A(rj,r 2 ; 5 ^, 52 ) denotes the determinant obtained by 
deletmg the rith and r^th rows as also the SjUi and 52 th 
columns of A, and (ii) the summation is taken over all possible 


pairs Tj, r 2 (r^ < rg). 

Now, by § 1.4 (p. 29), the terms in the expansion of A that 


involve are given by 




where A(rj;si) is the determinant obtained by deleting the r^th 
row and Sjth column of A. Moreover, since <! ^2 and 5 j < Sg, 
the element appears in the (rg—l)th row and ( 52 —l)th 
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column of hence the terms in the expansion of A(ri;5i) 

that involve are given by 

for A(ri,r2;5i,52) is obtained from A(ri;5j) by deleting tlie row 
and column containing 

Thus the expansion of A contains the term 


and therefore the Laplace expansion of A contains the term 


(_l)ri4r»-**,4Si 


a 


r,9t 


xMr^,u;3^,$2). 


(24) 


Or it 

r 1^1 

Or M O^ ^ 

That is to say, the sign to be prefixed to o term in the Loplacc 
ex2)ansion is ( —1)*^, where a is the sum of the row oud column 
numbers of the elements appearing in the first factor of the term. 

The rule, proved above for expansions by second minors, 
easily extends to Laplace expansions by third, fourth,..., minors. 

7.4. As an exercise to ensure that the import of (20) has been grasped, 
the reader should check the following expansion.s of determinants. 


(i) 


a. 


b, 

6* 

63 

^4 


d. 


d« 


a 

a. 


+ 


bx\ 

X 

Cs 

d, 



fel 

X 

Cj 

dz 

+ 


^1 

X 

("2 

dz 

: + 

b^ 


C4 

^4 



b. 


C4 

d. 



b, 

( 

^3 

di 

1 



X 

Cl 


1 

a, 

bz 

X 

Cl 


f 

"3 

63 

X 

<■1 

d, 

Os 



C* 

dt 

1 

1 

«4 

b. 


^3 

^3 


«4 

b. 


<*2 

dz 


The signs arc, by (20), those of the leading diagonal term products 

Cl j ^ 4 t ^ j ^3 ^2^ 4f ^ I ^4 ^0 • • • • • 

Alternatively, the signs are, by (2*1), 

(_l)l4a4l42, (-l)‘ + »^> + *, (_1)1M+H2. 

= —(«1^6)(^a'^3''4)' 


d*) I a. 6j Cj 

0 Cj 
0 Cj 

0 c, 

64 Cj <J^ 

Iho sign is most cosily fixed by (24), which gives it to bo (— 1)»454H2, 


0 

0 

0 

a. 


d, 

dt 

d, 

d. 
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®1 Cj bi Cj 

Of 63 Cj 6, c, 

04 &4 C4 &4 C4 

0 0 0 64 C 4 


= AjA2+A,Af-A,A?. 


where Aj (016404), A^ « (O364CJ}, A, s (0461C3), and Af is the co¬ 
factor of Of. in A,. 



CHAPTER III 


THE PRODUCT OF TWO DETERMINANTS 

1. The summation convention 

It is an established convention that a sum such as 

i (1) 

r«l 

may be denoted by the single term 

a, 6,. (2) 

The convention is that when a literal suffix is repeated in tho 
single term (as here r is repeated) then the single term shall 
represent the sum of all the terms that correspond to different 
values of r. The convention is applicable only when, by the 
context, one knows the range of values of the suffix. In what 
follows We suppose that each suffix has the range of values 
1, 2,..., 71. 

Further examples of the convention are 

n 

which denotes (^) 

6^1 

n 

a.fbu, which denotes (4) 

i-i 

n n 

which denotes 2 ^^ra^r^s- (5) 

r=la^l 

In the last example both r and s are repeated and so we must 
sum with regard to both of them. 

The repeated .suffix is often called a ‘dummy suffix’, a curious, 
but almost universal, term for a suffix whose presence implies 
the summation. The nomenclature is appropriate because the 
meaning of the symbol as a whole does not depend on what 
letter is used for the ‘dummy’; for example, both 

a„Xg and a^jX^ 
stand for the same thing, namely, 

0,-l + Or 2 3^2 + "• + . 

a 


4702 
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Any suffix that is not repeated is called a ‘free suffix*. On 
most occasions when we are using the summation convention, 
we regard (6) 

not as a single expression in which r has a fixed value, but as a 
typical one of the n expressions 

n 

s»l 

Thus, in (6), r is to be thought of as a suffix free to take any one 
of the values 1, 2 ,..., n; and no further summation of all such 
expressions is implied. 

In the next section we use the convention in considering 
linear transformations of a set of n linear equations. 


2. Considern variables(i — 1,2,..., ti) and the n linear formsf 


(r = l,2,...,n). (7) 

When we substitute 

x, = bi,X, ii= ( 8 ) 

the forms (7) become 

<^ri^ia^a (?* = 1,2,..., w). (9) 

Now consider the n equations 

= ( 10 ) 

where 6,.^. (11) 


If the determinant^ Ic„| = 0, then (10) is satisfied by a set 
of values A’,- (t = 1,2,...,7i) which are not all zero (Theorem 11). 
But, when the satisfy equations (10), we have the n 
equations = 0. (12) 

and so 


EITHER all the are zero, 

OR the determinant |o„[ is zero (Theorem 11). 

f Tl)o rrndrr who is vinfamiiiar with tho summation convention is recom- 
mondod to write tlio next few lines in full and to pick out the coefficient of 
Xg in « / « \ 

2«ri( 

4-1 \i-l / 

t Coinpnro Chap. I, §4 (p. 21). 
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In the former case the n equations 

^18^8 — ^ 

are satisfied by a set of values Xi which are not all zero; tliat 

is. 1^*1 = 0- 

Hence if |c„| — 0, at least one of the determinants 
is zero. 

The determinant Ic„|, i.e. is of degree ?i in the a’s 

and of degree n in the b's, and so it is indicated that 

Ksl = I6„|, (13) 

where k is independent of the a’s and 6’s. 

By considering the particular case = 0 wlien r ^ s, 
drr— 1, it is indicated that 

= KJX I6„|. (14) 

The foregoing is an indication rather than a proof of the 
important theorem contained in (14). In the next section we 
give two proofs of this theorem. Of the two proofs, the second 
is perhaps the easier; it is certainly the more artificial. 

3. Proofs of the rule for multiplying determinants 

Theorem 13. Ltt !«„!, be two delerminunts of order n; 
then their product is the determinant \c,^\, nhcre 

U 

I I 

3.1. Firstproof —a proof that uses tiie double sufiix notation. 
In thi.s proof, we shall use only the Greek letter a as a dummy 
suflix implying summation: a repeated Roman letter will not 
imply summation. TJius 

stands for - • 

stands for the single term; c.g. if /• = 2, it stands for 
^ 12 ^ 21 * 

Consider Hie determinant written in the form 






"la 

K.. 

«2a^al 

^'2a^a2 

• 

• 

• 

«2a 


# 

• • • 

^na^a2 


• 

• 

# 

Kn 
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and pick out the coefficient of 

(16) 

in the expansion of this determinant. This we can do by con¬ 
sidering all other than Oj, to be zero, all 02 ^ other than a^g 
to be zero, and so on. Doing this, we see that the terms of \Cpg\ 
that contain (16) as a factor are given byf 



®lr ^r2 





• 

* ®2S^S7l 

• • 

• • 

• 

« 

• e • 

• O'nz^zn 


®25 • • • ^nz 


'rl 


>2 

*82 


rn 


en 


'zn 


Unless the numbers r, s,..., z are all different, the * 6 ’ deter¬ 
minant is zero, having two rows identical. When r, 8 ,..., z are 
the numbers 1 , 2 ,..., n in some order, the * 6 ’ determinant is 
equal to ( — l)^| 6 pg|, where AT is the total number of inversions of 
the suffixes in r, a,.,., z (p. 11, §2.2, applied to rows). Hence 

where the summation is taken over the n\ ways of assigning 
to r, Syi.., z the values 1 , 2 ,..., 72 . in some order and N is the 
total number of inversions of the suffixes r, 2 . But the 
factor multiplying in (16) is merely the expanded form of 

'pal ~ l^pal ^ I^pal' 

3.2, Second proof —a proof that uses a single suffix notation. 
Consider, in the first place, 


ttpgl, so that 


Then 




61 

f 

A' 


“l 

ft 


^2 

62 




“2 


AA' = 

a 

1 

61 

0 

0 

9 



a 

2 

62 

0 

0 




— 

1 

0 

«1 

A 




0 

— 1 

«2 

A 



(17) 


t Note that a^f &n stands for a single term. 
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as we see by using Laplace’s method and expanding the deter¬ 
minant by its last two columns. 

In the determinant (17) take 

= ^1 + ^1 ^3 + ^1 ^ 4 , 

'2 = ?‘2 + «2'‘3H-62^4* 

using the notation of p. 17, §3.5. Then (17) becomes 

AA'= 0 0 Oioti+iia^ > 

0 0 a2<X^-\-b2<X.^ ^2^l~\'b2^2 

— 10 ai ft 

0 — 1 a.^ ft 

and so, on expanding the last determinant by its first two 

columns, . ., , , « . , o 

AA = aia,d-feia2 ^i^i + ftft • -jg. 

The argument extends readily to determinants of order n. 
Let A = (flift .-ft), A' = (oEjft.../f,,). The determinant 


Oi 

• 

« 

i-i 

0 

% 

• 

0 

• 

«« 

• 

• 

• 

• 

A-„ 

• 

0 

• 

• 

• 

• 

# 

0 

— I 

• 

• 

0 



• 

Xl 

» 

0 

• 

• 

« 

• 

• 

— 1 

• 

• 

• 

• 

9 

«■« 


in which the bottom left-hund (juartcr has —1 in each element 

of its principal diagonal and 0 elsewhere, is unaltered if we 
write 

^1 = ^l + ®l^«+lH-ft^;i+2+'“+^’l^2n> 


r' = r 2 +a 2 ^„+id-ft ^.-,2 + - 


Hence 
AA' = 




0 rtjaj-f ...d-A'ja,, 


0 

— 1 


0 a„aj + ... + fta„ 

0 a. 


— 1 


•+^* 2 ^ 2 ,.. 


..-j-ft rg,,. 


^1 «■! + •••+ft «■„ 


















THE PRODUCT OF TWO DETERMINANTS 


When we expand the last determinant by its first n columns, 
the only non-zero term is (for sign see p. 39, §7.3) 

(— 1 )” —1 0 . 0 . + 

0 —1 . 0 ^2 

» • • • 

0 0 . —1 a,, . 

= (— 1 ) 2 " aiai+...+^ia« • • - 

••• “h^'n ®n • - Ctn“h ■ • • "f"^*n 

Moreover, 2n is an even number and so the sign to be prefixed 
to the determinant is always the plus sign. Hence 



0Cj“}~ ,.. I K ^ 0C,| 




• u 1 H'l 4" • • • ”1“ ^*1 





which is another way of stating Theorem 13. 


4. Other ways of multiplying determinants 

The rule contained in Theorem 13 is sometimes called the 
matrixf rule or the rule for multiplication of rou's by columns. In 
forming the first row of the determinant on the right of (19) we 
multiply the elements of tlie first row of A by the elements 
of the successive columns of A'; in forming the second row 
of the determinant we multiply the elements of the second 
row of A by the elements of the successive columns of A^ The 
process is most easily fixed in the mind by considering (18). 

A determinant is unaltered in value if rows and columns are 
interchanged, and so we can at once deduce from (18) that, if 

A = I Oj ^>1 A' = Pi > 

I Oo ^^2 I “2 P2 

then (18) may also be written in the forms 


AA'= aioci-\-biPi > 

U 2 “ 2+^2 ft 



AA' = ajoti + flaota 6 iOCi-f 620£2 • 

u 1 ~f ^2 ft ft+ ^2 ft 



t See Chapter VI. 
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In (20) the elements of the rows of A are multiplied by the 
elements of the rows of A'; in (21) the elements of the columns 
of A are multiplied by the elements of the columns of A'. The 
first of these is referred to as ynultiplication by rows, the second 
as multipUcntion by columns. 

The extension to determinants of order n is immediate: 
several examples of the process occur later in the book. In the 
examples that follow multiplication is by rows: this is a matter 
of taste, and many writers use multiplication by columns or by 
the matrix rule. There is, however, much economy of thought if 
one consistently uses the same method wlienever possible. 

Examples IV 

A number of interesting results can be obtained by applying (lie rules 
for multiplying determinants to particular cxamplo.s. Wo shall arrange 
the examples in groups and wo shall indicati' the method of solution 
for at least one example in each group. 

1. 0 (a-/3)* (a-yp = 2{(i3-y)(y-a)(ci-/S)P. 

0 (/9-y)* 

(y —ap (y-)3)* 0 

The determinant is the product by row.s of the two determinants 

a* — 2a 1 , 1 a a^ . 

^ -2p 1 1 / 8 / 3 * 

yj _ 2y 1 1 y y* 

By Theorem 8, the first of these Is equal to 2(/3 —y)(y —a)(a—/3) and the 
Bocond to (^-y)(y_a)(a-/5). 

(In applying Theorem 8 wo write down the product of the differences 
and adjust the numerical con.stant by considering the diagonal term of 
the determinant.] 

2. The determinant of Example 3, p. 19, is the product by rows of the 
two determinants 


a* 

-2a 

1 

0 . 

1 

a 

a* 

0 


-2/3 

1 

0 

1 



0 

y* 

-2y 

1 

0 

1 

Y 

y* 

0 

8* 

-28 

1 

0 

1 

8 

8* 

0 


and so is zero. 

3. Prove that the determinant of order n which has (ar“ 0 ,)* as the 
element in the rth row and sth column is zero when n > 3. 

4. Evaluate the determinant of order n which heis (a, —a,)* a.s the 
element in the rlh row and sth column: (i) when n = 4, (ii) when 
n > 4. 
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5. Extend the results of Examples 3 and 4 to higher powers of a, 

6 . (Harder.) Prove that 


—a,. 


(a—ar)* 
(6-x)3 
(c—ar)* 


(o—y)* («—*)* 

(6—3/)® (6—z)® 

(c-y)® (c- 2 )® 


a;- 


a** 

6 ® 

c® 

0 


2/3 2 ® 

= — 9 a 6 ca:i/ 2 ( 6 —c)(c—o)(a — 6 )( 3 /— 2 )( 2 —ar)(a:— 3 /). 
7. (Harder.) Provo that 

(a—y)® 

(6—y)® 

(c—y)® 


(a-a:)» 
(6—a;)® 
(c-x)» 


(a-2)* 

(6-2)* 

(c-2)* 


a® 

6 ® 


y 


0 


is zero when ^ = 1, 2 and evaluate it when k = 0 and when A: > 3. 


8 . Provo that, if^, = exT+p'-i-y^+S't then 



«1 

^2 

Si 


1 

1 

1 

1 


«a 


Si 


a 


y 

8 

«a 

^3 




a* 

A 


y“ 

8® 

*3 



^4 




y* 

8® 


Hence (by Theorem 8 ) prove that the first determinant is equal to the 
product of the squares of the differences of a, y, 8 ; i.e. {^(a,j 8 ,y, 8 )}®. 


9. Provo that (a:— 0 !)(*—y3)(a;—y)(x— 8 ) is a factor of 



I 1 X X* 


^7 

X* 


and find the other factor. 

Solution. The arrangement of the elements in A indicates the pro¬ 
duct by rows (vide Example 8 ) of 


1 

1 

1 

1 

0 

, A,= 

1 

1 

1 

1 

? 

<X 


y 

8 

0 

1 

1 

oc 


y 

8 

? 



y” 

8® 

0 

1 

a* 

/3® 

y* 

8® 

? 

a" 


y3 

8® 

0 




y’ 

8® 

? 


? 


? 

? 




y4 

8® 

? 


If we have anything but O’s in the first four places of the last row of 
Aj, tlien we shall get unwanted terms in the last row of the product 
A^Aj. So we try 0, 0, 0, 0, 1 as the lost row of Aj and then it is not 
hard to see that, in order to give A^ Aj = A, the last column of Aj must 
bo 1 , a*, .r*. a:®, x*. 

The factors of A follow from Theorem 8 . 
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10. Prove that, when Sr = 


I 1 1 

X 

1 1 1 


^0 ^2 

a ^ y 


a ^ y 


«, ^3 

a® ^ y^ 


a* y2 


I 


Note how the sequence of indices in the columns of the first deter¬ 


minant affects the sequence of 
determinant. 

11. Find the factors of 


«0 


«2 

f 

«2 




«4 





where s, = 


suffixes in the columns of tlie last 



f 

Sq 



«4 ' 




«2 








Si 



1 

X 

X2 

X* 


12. Extend the results of Examples 8-11 to dt't<*rminants of higher 
orders. 


13. Multiply the determinants of the fourth order whose rows are 
given by 

+ -2j-r 1; 1 X, y, + 

and r = 1, 2, 3, 4. Hence prove that the dett*rminuiit |a,a|. where 
®ri = —2/f)*. ^ero whenever the four j)t)ints (av.y,) are 

concyclic. 

14. Find a relation between the mutual distances of live points on 
a sphere. 


15. By considering the product of two detc'rminonts of tlie form 


a-|-t6 

-{■c-id) 


c-f j’d 
a — ib 


9 


prove that the product of a sum of four squares by a sum of four .squares 
w itself a sum of four squares. 

16. Express + —3</5c as n cirruhint (p. 23, §5.2) of order 

three and hence prove that {a^-\-b^-i-c^—3(ibc){A^-i-IP-\-C^~3AfiC) 
may bo written in the form Z^—3XYZ. 

Provo, further, that iT A = a* —be, B — b^ — ca, C = c* — ab, then 

-4»+B’+C®-3ABO = (a®-f 53+c’--3a6c)*. 


17. If A' 
of(x,y);5„ = 
arid that 

4703 


ax^-Ay. Y - hx-\ by, (x,,y,), (x^.y,) two sets of values 
X| A, A y, Ki. .V,j = Ti A, -f y, >'j. etc.; prove that .V„ - 


s„ 1 = 

a 

h 

X 

•T'l 'Jl 

'Si '^22 I 

h 

b 


Xi Ut 


R 
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18 a. (Harder.) Using the summation convention, let S 
where a;', a:*,..., x" aro n independent variables (and not powers of x), 
be a given quadratic form in n variables. Let 

wlicro (xj, xl,.... x^), A = 1,..., n, denotes n sets of values of the variables 
X*,..., X". Provo that 

1 ^ 1 ** 

18b. (Easier.) Extend the result of Example 17 to three variables 
(x, y, z) and the coordinates of tlu'ee points in space, (xi, yj, z^), (Xj, y,, z,), 
(^s» 2 / 3 * * 3 )* 


5. Multiplication of arrays 
5.1, First take two arrays 

(tn bo Co 


“1 Pi yi 

«2 p2 Y2 



in which the number of columns exceeds the number of rows, 
and multiply them by rows in the manner of multiplying 
determinants. The result is the determinant 



®2«i+^2^i4-C2yi 


«l“2+6l^2 + Ciy2 
a 2 a 2 + & 2^2 + ^ 2>'2 



If we expand A and pick out the terms involving, say, 
PiYz see that they are ^iy 2 (*i^ 2 “^ 2 ^i)* Similarly, the terms 
in poYi ^re —(^j 02 — 6201 ). Hence A contains a term 

(6j Cg) X iPiy2)* 

where ( 6102 ) denotes the determinant formed by the last two 
columns of the first array in (A) and (ft/g) ^^6 corresponding 
determinant formed from the second array. 

It follows that A, when expanded, contains terms 

(61 ^21(^1 y2)"l“ (®1 ®2)(yi “2) (®1 62)(®1 ^2)1 (2) 

moreover ( 2 ) accounts for all terms that can possibly arise from 
the expansion of A. Hence A is equal to the sum of terms in 
( 2 ); that is, the sum of all the products of corresponding deter¬ 
minants of order two that can be formed from the arrays in (A). 

Now consider a, 6 ,..., k,..., t, supposing k to be the nth letter 
and t the iV^th, where n <. Ny consider also a corresponding 
notation in Greek letters. 
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The determinant, of order n, that is obtained on multiplying 
by rows tlie two arrays 


IS 


» 

• 4 

*1 

• • ti 

A ^ A 


4 • 

. 


• 4 


V V V 

• • 


0t„ . . i 

4 ■ 

H-„ . . 

4 9 

A = 



4 


+ i 

1 

! • 

. 

4 4 

4*4 

4 

4 

4 4*4 

• H- 

1 


(3) 


This determinant, when expanded, contains a term (put all 
letters after k, the nth letter, equal to zero) 


OlOti-f ...-f Z-j K-j 


“b ••• “}“ k n 


Qj 


^ /I ®/i “i“ • • • "H rt n 



which is the product of the two determinants (rq b.^ ... A„) and 
(“i ^2 ••• ^n)’ Moreover (4) includes every term in the expansion 
of A containing the letters a, b,..., k and no other roman letter. 
Thus the full expansion of A consists of a sum of such products, 
the number of such products being the number of ways of 
choosing n distinct letters from iV given letters. We have there- 
fore proved the following theorem. 

Theouem 14, The deferminant A, of order 7i, v'hich is obtained 
on multiplying by rows tuo arrays that have X columns and n 
rows, where n < iV, is the sum of all the jtroducts of corresponding 
determinants of order n that can be fanned from the two arrays. 

5.2. Theorem 15. 7'he determinant of order n which is 
obtained on multiplying by rows two arrays that have X columns 
ond n rows, where n > X, is equal to zero. 

Ihe determinant so formed is, in fac L tlie .product by rows 
of the two zero determinants of one oljtains on 

adding (n—X) columns of ci])hcrs to lBadh-<way. For e.xamjde, 

•’i y 

U . 

^3 ^3 Pi ^3 ^2 "J” ^3^^ ^3 ^3 ^3 p3 I 

V 
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is obtained on multiplying by rows the two arrays 

“i Pi 
^2 ^2 “2 Pz 

O 3 ^3 “3 p3 

and is also obtained on multiplying by rows the two zero 
determinants 


«1 

6. 

0 . 

“1 

ft 

0 

^2 

b . 

0 

“2 

ft 

0 

^3 

63 

0 

“3 

ft 

0 


ExAivrPLES V 

1 . Tlie arrays 

1 0 0 0 0 0 0 1 

:rHy? -2a:i ~2ij, 1 I Vi + 

a‘3 + y4 -S-r, —2y^ 1 1 a:, y* ^2 + !/? 

Imvo 5 rows and 4 columns. By Theorem 15, the determinant obtained 
on multiplying them by rows vani.'^hes identically. Show that this result 
gives a relation connecting the mutual distances of any four points in 
a plane. 

2. Obtain tho corresponding relation for fiv'e points in spaco. 

3. If a, /S. y,... are the roots of an equation of degree n, and if Sf 
denotes the .sum of the rth powers of tho roots, prove tliat 

Sl 

50 5i 

51 Si Si 
Si Si Si 

Hint. Compare Example 8, p. 48, and Theorem 14. 

4. Obtain identities by evaluating (in two ways) the determinant 
obtained on squaring (by rows) the arrays 

(i) a 5 c (ii) abed 

a' b' c' a' b' c' d' 

5. In the notation usually adopted for conics, let 

iS S2 ar* + ... + 2/yz + ..., 

A' = (ix + /iy + (/c, Y = hx->rby+/z, Z ^ gx-\-/y + cz. 

Srt ~ x^X,-{-yrYi-\-ZfZ,; 
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let A, R,..., H be the co*factors of a, 6 h in tlie dLseriminant of S. 

Let ^ — rj = z,x,—SjXj, ^ = x^yf — x^y^. Then 

^11 <S,a = + 

^21 ^22 

Solution. The determinant is 

Zi X, + t 

+ ... "I-Zj 2| X| ^2+... 

which is the product of arrays 

Xi 3/| y, Z, 

yt ^2 -^2 ^2 ^2 

“Id so is 

But (Fj Zj), when written in full, is 

/ix, + fcyi+/zj yx,+/yi + c;, , 

*^2 + ^^2 +Ai y-^a +/y2 ^ cz, 
which is the product of array.s 

Vi 2i h b f 

Vt g S c 

and so is A^+Hri-\-Ol. 

Hence the initial determinant is the sum of tlirec terms of tl^e type 

The multiplication of determinants of different orders 

It ifl sometimes useful to be able to write down the product 
of a determinant of order n by a determinant of order in. The 
methodf of doing so is sufficiently exemplified by considering 
the product of (a, 6. c^) by (a, ^ 2 ). 


«1 


Cl 1 X «! 

/3. 

«2 

b. 

C 2 a2 

/3, 

«3 

ba 

C 3 



We see that the result is true by considering the first and last 
determinants when expanded by their last columns. The first 
member of the above equation is 

(I ±c,(a,6^)}x(a,jS2). 

t 1 learnt thu molhod from Vrofos^or A. L. Dixon. 
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while the second is, by the rule for multipl 3 dng two determinants 
of the same order, 

the signs having the same arrangement in both summations. 

A further example is 

^ 

^2 ^2 ^2 ®2 ^2 
^3 C 3 (£3 
O 4 &4 C 4 

® 2 ® l “ f ~^ 2^1 ® 2 “ 2 H “^ 2^2 ^2 ^2 

®3<^l“h^3^1 ®3“2“i~^3^2 ^3 ^3 

®4®2~I“^4^2 ^4 ^4 

a result which becomes evident on considering the Laplace 
expansion of the last determinant by its third and fourth 
columns. 

The reader may prefer the following method: 


bi Cl 

X ai Pi = 

«1 *1 Cl 

X ai Pi 0 

®2 ^2 ^2 

“2 P 2 

^2 ^2 

cxq P2 0 

^3 C3 


^3 ^3 

0 0 I 


1 





^2 “iH"^2^1 

®2“2H"^2^2 Cg 



a3aiH-^3A 

^3<^2“1“^3^2 C3 


This is, perhaps, easier if a little less elegant. 
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JACOBI'S THEOREM AND ITS EXTENSIONS 

1. Jacobi’s theorem 

Theorem 16. Lei A^, denote the co-factors of a^, in 

a determinant . , , 

A = («! 62 - 

... K„) = A«-». 


If we multijjy by rows the two dctcnnuiant.s 


II 

< 

*1 

* • ^ 1 > 

A' = 

B, . 

. h\ i 

02 

bo 

- ^2 

^2 

B., . 

. lu 

m 

4 

• 

bn 

• • • 

• • 

• 

• « « 

. 

1 t 

we obtain 


AA' = A 

0 . . 

0 ; 




0 

A . . 

0 




• 

0 

• • • 

0 . . 

• 

A 



for • Cqual tO Z(TO wIjCIl r S fliul js 

equal to A when r — a. 


Hence AA' = A'*, 

so that, when ^ ^ 0 , A' = A''"h 

But wlien A is zero, A' is also zero. For, by Theorem 12, if 
A = 0, then A,B,~A,D, = 0, so tliat tlie Lajdacc cxj>nnsion 
of A' by its first two columns is a sum of zeros. 

Hence when A = 0, A' = 0 = A’*'h 

Deeixition. A' is called the adjucate determinant of A. 

Theorem 17. With ike notation of Theorem 16. the co-factor of 
AI in A' is equal to a|A'‘“^; and so for other letters and sujfixes. 

When we multiply by rows the two determinants 


1 

0 

0 

1 9 


A. . 

. X*! 

A, 


. A '2 


a.. 

^2 * 

• ^2 


• « 

■ 

• • 

. K 



« a 

bn ■ 

• • 

■ ! 
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we obtain 


0 A 




I 





wherein all terms to the left of and below the leading diagonal 
are zero. Thus 






When A ^ 0, this gives the result stated in the theorem. When 
A = 0, the result follows by the argument used when we con¬ 
sidered A' in Theorem 16; each is zero. 

Moreover, if we wish to consider the minor of JJ. in A', where 
J is the 5th letter of the alphabet, we multiply by rows 


A, . 


A'. 


. 

• ii • 


• • • 

^r-1 ■ 

• 

• 4 

• • • 

• • 

K-1 

! 

• • 

• « • 

- jr • 

• « 

• K 

0 . 

• 

1 . • 

0 

1 

1 

1 • . 

• 4 • 

» • 


. Jr+l • • 

a;.. 


«n • 

• Jn • 

- tn 

■ • • 

An • 

«/„ . . 

• « 





lin 

1 

A . 

. 0 , 

. 0 

1 



1 

* • 

Ji ■ 

• 

- js 

f • 

• • 

• 

• Jn 





• 

0 . 

• • 

. 0 

• 

• 

• • 

. A 





where then’s occur in the rth row and the only other non-zero 
terms are A’s in the leading diagonal. The value of (1) is 


2. General form of Jacobrs theorem 

2.1. Complementary minors. In a determinant A, of 
order n, the elements of any given r rows and r columns, where 
r < n, form a minor of the determinant. When these same rows 
and columns arc excluded from A, the elements that are left form 
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a determinant of order n—r, which, wdien the appropriate sign 
is prefixed, is called the complementary minor of the original 
minor. The sign to be prefixed is determined by the rule that 
a Laplace expansion shall always be of the form 

2 f^rYn—r* 

where is the minor complementary to Thus, in 

^2 ^2 ^2 
^3 ^3 ^3 

<24 64 C4 

the complementary minor of 

“1 <=i is +62 rfj , 

since the Laplace expansion of ( 1 ) by its first and third columns 
involves the term 4 -(ai C 3)(62 ^ 4 ). 

Theorem 18 . With the notation of Theorem Ki, let 9 J?,, be a 
nitnor of A' having r rows and columns and let y„_j. be the comple¬ 
mentary minor of the corresponding minor of A. Then 

= (3) 

In particular, if A is the determinant (I) above, then, in the 
usual notation for co-factors, 



Ai Cl — 62 d^ A. 

A ^ C3 64 c/4 


Let us first dispose of the easy particular cases of the theorem. 
= 1, (3) is merely the definition of a first minor; for example, 
■^1 in ( 1 ) above is, by definition, the determinant (/»2 ^3 ^ 4 )* 
i and A = 0, then also 991,. = 0, as we see by Theorem 12. 
Accordingly, (3) is true whenever r = 1 and whenever A 0 . 


It remains to prove that ( 3 ) is true when r > J and A 7^ 0. 
So let r > A 0; further, let be the minor of A whose 
elements correspond in row and column to those elements of 
A that compose 9 J 1 ,.. Then, by the definition of complementary 
niinor, due regard being paid to the sign, one Laplace exjjansion 


1 
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of A must contain the term Hence A may be written 

in the form 



other 


elements 

other 


elements 

yn-r 1 


It is thus sufficient to prove the theorem when SW is formed from 
the first r rows and first r columns of A'; this we now do. 

Let A,..., E be the first r letters, and let K be the next 
n—r letters of the alphabet. When W’e form the product 


A, . 

• • 

• K, 

X 

«1 • 

• /l • 

. ki 

• • 

Ar . 

. K F, . 

• • 

. K 


• « 

« • 

• « « • 

• • • » 

* • 

• • 

0 . 

.01. 

. 0 


• • 


• • 

• « 

0 . 

.00. 

• » 

. 1 

1 

1 

• • 

• » • • 

• fn • 

• « 

• K 


where the last n —r elements of the leading diagonal of the first 
determinant are 1 ’s and all other elements of the last n—r rows 
are O’s, we obtain 


A . 

. 0 

0 

. 0 

• • 

0 . 

• • 

. A 

• • • 

0 

• • 

. 0 

/i . 

• fr 

/r-t-l • 

• fn 

• • 

■ i 

• • ♦ 

^r +1 

■ 


That is to say, 


an, X A = A>„_,. 


and BO (3) is true whenever r > 1 and A # 0. 





















CHAPTER V 


SYMMETRICAL AND SKEW-SYMMETRICAL 

DETERMINANTS 

1. The determinant [o,,| is said to be symmetrical if = a„ 
for every r and a. 

The determinant Ja„| is said to be skew-symmetrical if 
“ —(igr for every r and a. It is an immediate consequence 
of the definition that the elements in the leading diagonal of 
such a determinant must all be zero, for 

2. Theorem 19. A akew-symmetrical determinant of odd order 
the value zero. 

The value of a determinant is unaltered when rows and 
columns are interchanged. In a skew-symmetrical deter- 
mmant such an interchange is equivalent to multiplying each 
row of the original determinant by — 1 , that is, to multiply¬ 
ing the whole determinant by ( — 1 )". Hence the value of 
a skew-symmetrical determinant of order n is unaltered when 
it is multiplied by (—1)"; and if » is odd, this value must 
be zero. 

3. Before considering determinants of even order we shall 
examine the first minors of a skew-symmetrical determinant of 
odd order. 

Let denote the co-factor of a„, the element in tiie rth 
row and «th column of |a,,|, a skew-symmetrical deter¬ 
minant of odd order; then is (—that is, 
= A,,. For A„ and A^ differ only in considering column 
for row and row for column in A, and, as we have seen 
^ § 2, a column of A is ( — 1) times the corresponding row; 

moreover, in forming we take the elements of n —1 
rows of A. 

4. We require yet another preliminary result: this time one 
that is often useful in other connexions. 
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Theorem 20. The determinant 


“ll 

®12 


• ®ln 



«21 

• 

®22 

• • 

• 

• 

* ®2n 

• • 

X 2 

• 

(1) 

«nl 

“n2 

• 

* ®nn 





• 

• j; 

s 




n 

n 



= 1 


-I 

2^r. 


(2) 


r«l «=>! 


where is the co-factor of a^^ in \a^g\. 

The one term of the expansion that involves no X and no 
Y is The term involving X,.Yg is obtained by putting 

Si all X other than and all Y other than to be zero. Doing 
this, we see that the coefficient of X^Yg is But, consider¬ 

ing the Laplace expansion of (1) by its rth and (n+l)th rows, 
we see that the coefficients of and of S are of opposite 
sign. Hence the coefficient of X^Yg is —Moreover, when 
A is expanded as in Theorem 1 (i) every term must involve 
either jS or a product X^Yg. Hence (2) accounts for all the 
terms in the expansion of A. 

5. Theorem 21. A skew-symmetrical determinant of order 2n is 
the square of a polynomial f unction of its elements. 

In Tlieorem 20, let \a^g\ be a skew-symmetrical determinant 
of order 2n — 1; as such, its value is zero (Theorem 19). Further, 
let Yj. = — -Yr, S ~ 0, so that the determinant (1) of Theorem 20 
is now a skcw-syminctrical determinant of order 2n. Its value is 


n n 





I lA 




(3) 




r-1 5-»l 





Since |a„i = 

0 . 

A 

rs^sr 

II 

& 

(Theorem 12 

h or A^g 


A 

and A^i/Aii 

= A, 

l3 

, or A,g = 


Hence 

(3) is 



(A', 

''An 

rfc-Yo V/122 




(4) 


where the sign preceding X^ is (—1)^, chosen so that 


Now A^i,..., A„^ are themselves skew-s^’^mmetrical deter¬ 
minants of order 2n —2, and if we suppose that each is the 
square of a polynomial function of its elements, of degree w—1, 
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G1 


then (4) will be the square of a polynomial function of degree n. 
Hence our theorem is true for a determinant of order 2n if it is 
true for one of order 2n—2. 

But 




and is a perfect square. Hence our theorem is true when = 1. 

It follows by induction that the theorem is true for all 
integer values ofn. 


6. The PfaflSan 

A polynomial whose square is equal to a skew-symmetrical 
determinant of even order is called a Pfaffian. Its properties 
and relations to determinants have been widely studied. 

Here we give merely sufficient references for tlie reader to 
study the subject if he so desires. The study of Pfaffians, 
interesting though it may be, is too special in its appeal to 
warrant its inclusion in tins book. 

G. Salmon, Lessons Introductory to the Modern f-ligJier Algebra (Dublin, 
1885), Lefwon V. 

S. Barnard and J. M, Child, Higher Algebra (London, 193G), chapter ix, 

§ 22 . 

Sir T. Muir, Contributions to the History of Dctenninanls, noIs. i-i\’ 
(London, 1890-1930). Tl jiH liistory covers ev<‘ry topic of dotcr- 
nrjinant theory; it is doliglitfiilly writterj and can he recr>min<*ndi‘d 
as a reference to anyone who is .s(‘iiously inten’slcd. It is too 
detailed arul exacting for the hi-gimuT. 


Examples VI (Miscellaneous) 

1. Provo that 


On 

“la 

# 

« 


A'l 

A 


• 

« 


A, 

Onl 

• • 

• 

• 

« 

• 

• • • 

Onn 


a:, 

Xt 

9 

• 


0 


whore A,, is tho co-factor of in |«rj|- 

If o,, = a„ and |a,,| = 0, prove that the above quadratic form may 
he written as 
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2 , If S 
that 


r-i 

J = 



2 X„ 

= dSjdx^, 

Or# = 


Oil 

• « • 

Oit Xi 

Oil 

0 |t 

• • • 

Oi* X, 

% 

% 

0*1 

0*1 

* « # 

• » « 

• • ♦ 

0** Xif 


^1 

• • • 

x* s 


is independent of ajj, ar,,..., x^. 

Hint. Use Example 1, consider dJfdx^^ and use Theorem 10. 

3 . Aj = (0|6,C4), a, = (05*4^1), A, = (04610,), A4 = (016,03), and 
A* is the co-factor of o, in A,. Prove that A\ *= —Af, that A\ = AJ, 
and that 

= AiA,. 


A\ 

Al 

Al 

= 0, 

At 

Al 

Al 


Bl 

Bl 


Bt 

Bl 

Bl 

Cl 

Cl 

Cl 


ct 

Cl 

Cl 


Hint. BJCJ—BJCJ = — O4A3 (by Theorem 17 ): use Theorem 10 . 

4 . A is a determinant of order n, a,, a typical element of A, A,, the 
co-factor of a„ in A, and A ^ 0 . Prove that 


-4ii-f*A/a; 


A 


IS 

A,«-f-A/a; 


A 


In 


= 0 


whenever 


Ani 

■^nl 

• • - •^.I.+A/* 1 

Oii+a: 

Oil 

Oi„ 

= 0. 

Oil 

0.1 + * 

0„J 


0,1 

• • 

0.1 

• * • • « 



5 . Prove tliat 


1 

sin a 

cos 

a 

sin 

2a 

COS 

2a 

1 

sinjS 

cos 


sin 

2p 

cos 

2/3 

1 

ainy 

cos 

y 

sin 

2y 

coa 

2y 

1 

ainS 

cos 

S 

ain 

2S 

coa 

28 

1 

sine 

coa 

€ 

ain 

2c 

cos 

2c 


= 266 rj 8 ini(a~) 3 ), 


with a proper arrangement of the signs of the differences. 

6. Prove that if A = [0^41 and the summation convention be used 
(Greek letters only being used as dummies), then the results of Theorem 
10 may be expressed as 

A^ = 0 = Of^A,^ when r s. 


a 


— A = a,, A,, when r = s. 
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Prove also that n variables x are related to n variables A' by the 
transformation 

•Xf = Qf^ X^, 

Ax, = 

7 . Prove Theorem 9 by forming the product of the given circulant 

by the determinant (a»i, coj), where aro distinct nth roots 

of unity. 

8 . Prove that» if /,(o) = g,(a) — Ar(<J) when r = 1, 2, 3 , then the 
determinant 

JM) Adx) 

/M A*(x) 

A(^) 93(x) h^(x} 

whose elements are polynomials in x, contains (.c—a)* as a factor. 

Hint. Consider a determinant with c[ = C|~C|, = C| —Cj and use 

the remainder theorem. 

9 . If the elements of a determinant are polynomials in x, and if r 
columns (rows) become equal when x = <2, then the determinant has 
(*—□)'-» as a factor. 


10 . Verify Theorem 9 when n = 5, = a, = Oj = 1, a, = a, and 

a> = o* by independent proofs that both determinant anti product are 
equal to . . 

(a« + a + 3 )(o- 1 )«(o* + 3 a’ + 4 <i* -f 2 o + 1 )• 





PART II 

MATRICES 


4703 
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CHAPTER VI 


DEFINITIONS AND ELEMENTARY PROPERTIES 


1. Linear substitutions 

We can think of n numbers, real or complex, either as separate 
entities x^ or as a single entity x that can be broken 

up into its n separate pieces (or components) if we wish to do 
so. For example, in ordinary three-dimensional space, given 
a set of axes through O and a point P determined by its 
coordinates with respect to those axes, we can think of the 
vector OP (or of the point P) and denote it by x, or we can 
give prominence to the components x^, X2, x^ of the vector along 
the axes and write x as {x^^x^yX^). 

Wlien we are thinking of .r as a single entity w’e shall refer to 
it as a 'number'. This is merel/a slight extension of a common 
practice in dealing with a complex number 2, which is, in fact, 
a pair of real numbers x, y.^ 

Now' suppose that two 'numbers' x, with components x^, 2*2,..., 
Xn, and Xy with components A'l, Ag,..., A„, are connected by 
a set of n equations 

X, = a^iXj_ + a, 2 X 2 +...-\-arn^n (r = l,.(1) 


wherein the a,, are given constants. 

[For example, consider a change of axes in coordinate geo¬ 
metry where the x^ and X^ are the components of the same 
vector referred to different sets of a.xes.] 

Introduce the notation A for the set of numbers, real or 
complex. 


a 


11 


a 


12 


a 


In 


a 


21 


a 


22 


a 


2n 


®nl ®n2 • • ^nn 

and understand by the notation Ax a 'number' whose components 
are given by the expressions on the right-hand side of equations 
( 1 ). Then the equations ( 1 ) can be written symbolically as 

X = Ax. ( 2 ) 


t Cf. G. H. Hardy, Pure Mathtmalics, chap. iii. 
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The reader will find that, with but little practice, the sym¬ 
bolical equation (2) w'Ul be all that it is necessary to write when 
equations such as (1) are under consideration. 


2. Linear substitutions as a guide to matrix addition 

It is a familiar fact of vector geometry that the sum of a 
vector X, with components Xj, X^, Xg, and a vector Y, with 
components Y^, 3^, Yg, is a vector Z, or X+Y, wdth components 
Xj + Yl. X^ + Yg, Xg-f-Yg. 

Consider now a 'number" x and a related 'number' X given by 

X = Ax, (2) 

where A has the same meaning as in § 1. Take, further, a second 

'number' Y given by v n 

^ ^ Y ^ Bx, (3) 

where B symbolizes the set of n® numbers 


11 


IS 


In 


and (3) is the symbolic form of the n equations 

.•+b,nX^ (r = 1, 2 ,..., n). 

We naturally, by comparison with vectors in a plane or in 

space, denote by X-J-Y the 'number' with components X,.-|-Y. 
But 

+ (®rl + 6rl)^l+K2 + frr2)^2+--. + («rn + 6rn)^nt 
and so we can wTite 

X+Y = {A^B)x 

provided that we interpret A-\-B to be the set of n* numbers 

aii+6ii 

^ ^ # 4 * » A 

^ ♦ 4 # 

«nl + ^nl «n2 + ^n2 - ■ 

We are thus led to the idea of defining the sura of two symbols 

such as .4 and B. This idea we consider with more precision 
in the next section. 
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3. Matrices 

3.1. The sets symbolized by A and 5 in the previous section 
have as many rows as columns. In the definition that follows 
we do not impose this restriction, but admit sets wherein the 
number of rows may differ from the number of columns. 

Definition 1. An array of mn numbers, real or complex, the 
array having m rows and n columns, 



«12 

^21 

<*22 

» 

• • 

Oml 

®m2 


a 


In 


a 


2n 





is called a matbix. When m ~ n the array is called a squake 
MATRIX of order n. 


In writing, a matrix is frequently denoted by a single letter 
A, or a, or by any other symbol one cares to choose. For 
example, a common notation for the matrix of the definition 
^ The square bracket is merely a conventional symbol 

(to mark tlie fact that we are not considering a determinant) 
and is conveniently read as ‘the matrix’. 

As we have seen, the idea of matrices comes from linear 
substitutions, such as those considered in § 2. But there is one 
important difference between the A of §2 and the A that 
denotes a matrix. In substitutions, A is thought of as operating 
on some 'number' x. The definition of a matrix deliberately 
omits this notion of A in relation to something else, and so 
leaves matrix notation open to a wider interpretation. 

3.2. We now introduce a number of definitions that will 
make precise the meaning to be attached to such symbols as 
A-\-B, A — B, 2A, when A and B denote matrices. 


Definition 2. Two matrices A, B are conformable for 
ADDITION when each has the same number of rows and each has 
the same number of columns. 

Definition 3. addition. The sum of a matrix A, with an 
element a^, in its r-th row and s-th column, and a matrix B, with 
an element b,, in its rdh row and s-th column, is defined only when 
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A , B are conformable for addition and is then defined as the 'matrix 
having a„-f 6^^ as the element in its r-th row and sdh column. 

The sum is denoted by 

The matrices ret,I, ra, 0] 

[ttaJ L«2 oJ 

are distinct; the first cannot be added to a square matrix of 
order 2, but the second can; e.g. 

r«i Ol + p, c,! = c,]. 

[etg fij L^2 ^ z \ l®2 + ^2 ^ 2 ] 

Definition 4. The matrix —A is that matrix whose elements 
are those of A multi-plied by —1. 

Definitions, subtraction. A—B is defined as A-\-{—B). 
It is called the difference of the two matrices. 

For example, the matrix —^ where A is the one-rowed 
matrix [a, b] is, by definition, the matrix [—a, —6]. Again, by 
Definition 5, 

pi ^il —p2 ^2] = pi + ^2 —^ 2 \* 

[c, diJ [c^ daJ L^i djJ \_—C2 —daJ 

and this, by Definition 3, is equal to 

pi—02 61—62]- 

[Ci C2 c?i d^] 

Definition 6. A matrix having every element zero is called 
a NULL matrix, and is written 0. 

Definition 7. The matrices A and B are said to be equal, and 
we write A = B, when the two inatrices are conformable for addi¬ 
tion and each element of A is equal to the corresponding element 
of B. 

It follows from Definitions 6 and 7 that 'A = B" and 
^A~B — 0’ mean the same thing, namely, each a^^ is equal to 
the corresponding 6,.^. 

Definition 8. multiplication by a number. When r is 
a number, real or complex, and A is a matrix, rA is defined to 
he the matrix each element of which is r times the corresponding 
el€77ient of A. 
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For example, if 


tti 6j , 

then 3 A = 3a ^ 

3b^' 

.^i ^1. 

3Ci 

3di 


In virtue of Definitions 3, 5, and 8, we are justified in writing 

2A instead of A-\-A, 

3A instead of 5A — 2A, 

and so on. By an easy extension, which we shall leave to the 
reader, we can consider the sum of several matrices and wTite, 
for example, {4c-\-i)A instead oi A-\-A-\-A-\~{\-\-i)A. 

3.3. Further, since the addition and subtraction of matrices 
is based directly on the addition and subtraction of their 
elements, which are real or complex numbers, the laws that 
govern addition in ordinary algebra also govern the addition 
of matrices. The laws that govern addition and subtraction in 
algebra are: (i) the associative law, of which an example is 

(a+6)-}-c = fl“l“{^>+c), 

either sum being denoted by a+6+c; 

(ii) the commutative law, of which an example is 

a -}-6 = 6 + a ; 

(iii) the distributive law, of which examples are 

r(a+6) = ra + r6, —{a—b) = —a+6. 

The matrix equation {A-\-B)-\-C = A-^- (B-j- C) is an imme¬ 
diate consequence of (a+i)-f-c = a4-(^+c), where the small 
letters denote the elements standing in, say, the rth row and 
aih column of the matrices A, B,C; and either sum is denoted 
by A-\-B-\-C. Similarly, the matrix equation A-\-B = B+A 
is an immediate consequence of a+6 = b-\-a. Thus the asso¬ 
ciative and commutative laws are satisfied for addition and 
subtraction, and we may correctly write 

A-\-B-{-{C+D) = A-{-B-\-C-{-D 

= {B-\-C)+{A+Dy, 

and so on. 

On the other hand, although we may write 

r{A-\-B) = rA-\-rB 
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when r is a number, real or complex, on the ground that 

r(a-f- 6 ) = ra-\~rb 

when r, a, b are numbers, real or complex, we have not yet 
assigned meanings to symbols such as i2(^ + 5), RA^ RB when 
Ry A, B are all matrices. This we shall do in the sections that 
follow. 


( 1 ) 


4. Linear substitutions as a guide to matrix multiplica¬ 
tion 

Consider the equations 

= «iiyi+«i2y2» 2/1 = 6ii2i+fei222. I 

^2 ~ ®2i2/i4"®223/2> Vz — ^21^1"l"^22^2* / 

where the a and b are given constants. They enable us to 
express x^ in terms of the a, 6 , and 2 ^, 23 ; in fact, 

a:i = {aii 6 ii+ai 262 i)Zi+{au 6 i 2 +ai 2622 ) 22 » | 

If we introduce the notation of § 1, we may write the equa- 
tions ( 1 ) as ^ y _ 

We can go direct from x to z and write 


( 2 ) 


(la) 


X = ABz, (2 a) 

provided we interpret in such* a way that (2 a) is the sym¬ 
bolic form of equations ( 2 ); that is, we must interpret AB to 
be the matrix 


r®ll ^11 + ^12 ^21 ®11 ^12 + ^12 ^22!* /gj 

1^21 ^ll"i“^22 ^21 ^21^12“I“^22^22J 
This gives us a direct lead to the formal definition of the 
product AB of two matrices A and B. But before we give this 
formal definition it will be convenient to define the ‘scalar pro¬ 
duct’ of two ^numbers*. 


5. The scalar product or inner product of two numbers 

Definition 9. Let x, y be two ‘numbers*, in the sense of § 1, 
having components x^, X 2 ,...y and y^, yg. --* Vn- Then 
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is called the inner product or the scalar product of the tu'o 
numbers. If the tuo numbers have m, n components respectively 
and m ^ n, the inner 2 ^roduct is not defined. 

In using this definition for descriptive purposes, we shall 
permit ourselves a certain degree of freedom in what we call 
a 'number". Thus, in dealing with two matrices [aj and [tj, 
we shall speak of 

as the inner product of the first row of [a„] by the second 
column of [6J. That is to say, we think of the first row of 
[o„] as a 'number" having components (On, ®i»i) 

the second column of as a 'number' having components 

(6j2j ^22’"*> ^n2)‘ 

6. Matrix multiplication 

6.1. Definition 10. Two jnatrices A. B are conform.4Ble 
FOR THE PRODUCT AB when the number of coUnnns in A ts 
equal to the number of rows in B. 

Definition 11. product. The product AB is defined only 
when the matrices A, B are conformable for this product: it is 
then defined as the matrix whose element in the i-th row and k-th 
column is the inner product of the i-th row of A by the k-th column 
of B. 

It is an immediate consequence'!’ of the definition that AB 
has as many rows as A and as many columns as B. 

The best way of seeing the necessity of having the matrices 
conformal is to try the proce.ss of multiplication on two non- 
conformable matrices. Thus, if 

A = 


AB cannot be defined. For a row of A consists of one letter 
and a column of B consists of two letters, so that we cannot 

t Tho rottflcr j« rccommouded to work out a few products for hiinsolf. One 
or two oxamploi) follow in §§ 6.1» 6.3. 

476^ L 
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form the inner products required by the definition. On the 
other hsind) BA ~~ Ffe 

^2 

+ ^2 

a matrix having 2 rows and 1 column. 

6.2. Theorem 22. The matrix AB is, in general, distinct from 
the matrix BA. 


Pi Cil-pJ 

piOi+Ciaal, 

L^2 "F" Cg ®2 J 


As we have just seen, we can form both AB and BA only 
if the number of columns of A is equal to the number of rows 
of B and the number of columns of 5 is equal to the number of 
rows of A. When these products are formed the elements in 
the ith row and ^*th column are, respectively, 

in A By the inner product of the »th row of A by the A:th 
column of B; 

in BA, the inner product of the ith row of B by the ^th 
column of A . 


Consequently, the matrix is not, in general, the same 
matrix as BA. 


6.3. Pre-multiplication and post-multiplication. Since 
AB and BA are usually distinct, there can be no precision in 
the phrase ‘multiply A by B’ until it is clear whether it shall 
mean ^B or BA. Accordingly, we introduce the termsf post¬ 
multiplication and pre-multiplication (and thereafter avoid the 
use of such lengthy words as much as we can!). The matrix A 
post-multiplied by B is the matrix AB; the matrix A pre¬ 
multiplied by B is the matrix B.4. 

Some simple examples of multiplication are 

fa 61 X Fa yl = Faa+ 6 ^ oy+ 6 Sl, 

[c d\ [y3 sj cy-f-dsj 


a 

h 

9 

X 

x' 

h 

b 

f 


y 

.9 

f 

c. 


z. 


‘ax-\-hy-\-gz 

hx-\-by-\-fz 

fy-\-cz. 


t Somotimes one uses the terms fore and aft instead of prt and post. 
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6.4. The distributive law for multiplication. One of the 
laws that govern the product of complex numbers is the dis¬ 
tributive law, of which an illustration is a(6-|-c) = ab-\-ac. This 
law also governs the algebra of matrices. 

For convenience of setting out the work we shall consider 
only square matrices of a given order n, and we shall use A, B,... 
to denote • 

We recall that the notation sets down the element that 
is in the ith row and the ^*th column of the matrix so denoted. 
Accordingly, by Definition 11, 

In this notation we may write 

= (Definitions) 


= (Definition 11) 

= [^i -f- [^i (Definition 3) 


= AB-\-AC (Definition 11). 


Similarly, we may prove that 

{A-\-B)C - AC+BC, 

6.5. The associative law for multiplication. Another law 
that governs the product of complex numbers is the associative 
law, of which an illustration is {(tb)c = a(6c), either being com¬ 
monly denoted by the symbol abc. 

We shall now consider the corresponding relations between 
three square matrices A, B, Ct each of order n. We shall sliow 

(AB)C = A{BC) 

and thereafter we shall use the symbol ABC to denote either 
of them. 

Let B — [6^fc], C ~ [Cffc] and let BC = where, by 

Definition 11, n 

Yik 
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Then A{BC) is a matrix whose element in the »th row and 
A:th column is „ n n 

2 yik = % 2 ^ik 

~ (^) 
Similarly, let AB = [ft*;], where, by Definition 11, 


n 

Pik — 


Then {AB)C is a matrix whose element in the tth row and 
A:th column is 

( 2 ) 


n n n 

2^t7%*= 2 
2=1 2 = 1 /=! 


But the expression (2) gives the same terms as (1), though 
in a different order of arrangement; for example, the term 
corresponding to ^ = 2, J = 3 in (1) is the same as the term 
corresponding to^ = 3,j — 2in (2). 

Hence A{BC) = {AB)C and we may use the symbol ABC 
to denote either. 

We use A^, A^,,.. to denote AA, AAA, etc. 

6 .6. The summation convention. When once the prin¬ 
ciple involved in the previous work has been grasped, it is best 
to use the summation convention (Chapter III), whereby 


By extension, 


^xj^jk denotes 2^ii'^jjfc* 

n n 

«*/ Cjk denotes ^2 ^ 2 ^^i 2 <^ik> 


and once the forms (1) and (2) of §6.5 have been studied, it 
becomes clear that any repeated suffix in such an expression is 
a ‘dummy’ and may be replaced by any other; for example, 

ISIoreover. tlie use of the convention makes obvious the law 
of formation of the elements of a product ABC...Z; this pro¬ 
duct of matrices is, in fact, 

Cj-,„ ... 2^^], 

the i, k being the only suffixes that are not dummies. 



DEFINITIONS AND ELEMENTARY PROPERTIES 


77 


7. The commutative law for multiplication 

7.1. The third law that governs the multiplication of com¬ 
plex numbers is the commutative law, of which an example is 
ab = ba. As we have seen (Theorem 22), this law does not hold 
for matrices. There is, however, an important exception. 


Definition 12. The square matrix of order n tJiat has xiniiy 
in its lexiding diagwial places and zero elsewhere is called the 
UNIT MATRIX of Order n. It is denoted by I. 


The number n of rows and columns in / is usually clear from 
the context and it is rarely necessary to use distinct symbols 
for unit matrices of different orders. 

Let C be a square matrix of order n and I the unit matrix of 

order n; then IC = Cl = C 


Also I =: P — P — . 

Hence I has the properties of unity in ordinary algebra. Just 
as we replace Ixx and xx 1 by x in ordinary algebra, so we 
replace IxC and Cx / by C in the algebra of matrices. 

Further, if k is any number, real or complex, kl .C = C .kl 
and each is equal to the matrix kC. 

7.2. It may also be not€d that if A is a matrix ofoi rows, 
B a matri-x of n columns, and 1 the unit matrix of order n, 
then lA — A and BI — B, even though A and B arc not 
square matrices. If A is not square, A and / are not con¬ 
formable for the product A I. 


8. The division law 

Ordinary algebra is governed also by the division law, which 
states that when the product xy is zero, either x or y, or both, 
must be zero. This law does not govern matrix juoducts. Use 
0 to denote the null matrix. Then AO = OA = 0, but the 
equation AB = O does not nccc.ssarily imply that A or B is 
the null matrix. For instance, if 


\a 61. 

B =r b 26 j 

[o oj 

—a — 2aJ 
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the product AB \a the zero matrix, although neither A nor B 
is the zero matrix. 

Again, AB may be zero and BA not zero. For example, if 


A = \a 

b], B=r b 

0], 

[o 

oJ [-a 

OJ 

^B=ro 0] 

, BA= [ ab 

1 

[o oj 


— 


9. Summary of previous sections 

We have shown that the symbols A^ By..,, representing 
matrices, may be added, multiplied, and, in a large measure, 
manipulated as though they represented ordinary numbers. 
The points of difference between ordinary numbers a, 6 and 
matrices A, B are 

(i) whereas ab = ba, AB ib not usually the same as BA; 

(ii) whereas = 0 implies that either a or 6 (or both) is 
zero, the equation AB ^ 0 does not necessarily imply 
that either .A or .B is zero. We shall return to this point 
in Theorem 29. 

10. The determinant of a square matrix 

10.1. When .it is a square matrix, the determinant that has 
the same elements as the matrix, and in the same places, is 
called the determinant of the matrix. It is usually denoted by 
[.i4|. Thus, if A has the element in the ith row and ^th 
column, so that A = [«(*], then |.i4| denotes the determinant 

It is an immediate consequence of Theorem 13, that if A and 
B are square matrices of order n, and if .A B is the product of 
the two matrices, the determinant of the matrix A B is equal to the 
product of the determinants of the matrices A and B; that is, 

I^Bl = I^lxjBI. 

Equally, \BA \ = |B|x(.4I. 

Since l.<4| and |B| are numbers, the commutative law holds for 
their product and |.^ J x [Bj = |BI x \A 1- 
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Thus \AB\ = l^^l, although the matrix AB is not the same 
as the matrix BA. This is due to the fact that the value of 
a deiermiTiant is unaltered when rows and columns are inter¬ 
changed, whereas such an interchange does not leave a general 
matrix unaltered. 


10.2. The beginner should note that in the equation 
\AB\ = \A\x \B\, of § 10.1, both A and B are matrices. It is 
not true that \kA\ — k\A\, where k ia a, number. 

For simplicity of statement, let us suppose .^4 to be a square 
matrix of order three and let us suppose that k = 2. The 


theorem ‘ \A +B\ = \A\ + \B\' 

is manifestly false (Theorem G, p. 15) and so |2^| ^ ^\A\. 
true theorem is easily found. We have 


The 


say, so that 

2A = 


A 

=ss 

flji 

^12 




®22 



-®31 

®32 

2 «u 

2 a 

12 

2ai3' 

2^21 

2 a 

22 


2^31 

2 a 

32 

2^33- 


®13 » 

^ 33 . 

(Definition 8). 


Hence \2A \ — 2^1i4|. 

The same is evident on applying § 10.1 to the matrix product 
21X A, where 21 is twice the unit matrix of order three and so is 


2 0 
0 2 
0 0 



Examples VII 

Examples 1-4 are intended as a kind of mental arithmetic. 
1. Find the matrix A + B when 


0) 

A = 

1 


B = 

5 

61; 



3 

4 J 


.7 

sj 

(ii) 

A = 

1 

-r 

, B = 

3 

-3 



2 

-2 


4 

— 4 



.3 

-3. 


,5 

-5. 


(iii) ^ = [12 3), R = [4 6 ft]. 
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An^. (i) re 8], (ii) [*4 — 4'|, (iii) [6 7 9]. 

llO 12 J 6 —6 

Ls -8. 

2. Is it possible to define the matrix A-t-B when 

(i) A has 3 rows, B has 4 rows, 

(ii) A has 3 columns, B has 4 columns, 

(iii) A has 3 rows, B has 3 columns ? 

Ans. (i), (ii), No; (iii) only if A has 3 columns and B 3 rows. 

3. Is it possible to define the matrix BA and the matrix AB when 
A, B have the properties of Example 2 ? 

Ans. AB (i) if A has 4 cols.; (ii) if B has 3 rows; (iii) depends on the 
number of columns of A and the number of rows of B. 

BA (i) if B lias 3 cols.; (ii) if A has 4 rows; (iii) always. 

4. Form the products AB and BA when 

(i) A = p IJ. B = p 2j ; (ii) A = p 2j, B= p 5J. 

Examples 5-8 deal with quaternions in their matrix form. 

6 . If I denotes ^(—1) and I, i, k are defined as 

?]• -”]■ i]- ot 

then ij = k, jk = i, ki = ji ji = -k, kj = -t, ik = -j. 
Further, = /* = A;* = —I. 

6 . If Q = aI’]-bi-\-cj-\-dk, Q’ = aI—bi—<^—dk, a, 6, c, d being 
numbers, real or complex, then 

QQ' ~ (aa+6a + c*-l-d“)L 

7. If P = ocl-ir^i + yj+hk, P' = al-^i-yjSk, a, )S, y, S being 
numbers, real or complex, then 

QPP'Q' = + 

= W'.(a=+)3*+y»+S=)/ [see §7] 

= (a3-}-63-!-c*+da)/-{a“+)3“+y*+S3)/ 

= (a* + 6» + c> + d«)(a*+/3*+y*+S»)7 

= Q’P'PQ. 

5. Provo the results of Example 6 when J, ?*, j, k are respectively 

-1 0 0 0 - 1 , r 0 1 0 0 - 1 , r 0 0 1 0-|. r 0 0 0 1-|. 

0100 —1000 0 001 00—10 
0010 000—1 —1000 0100 
.OOOlJ Looioj Lo—looj L —10 0 0 . 

9. By consitlering the matrices 
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together with matrices a/+6i, a/—6i, where a, b are reoZ nximbers, show 
that the usual complex number may be regarded as a sum of matrices 
whose elements are real numbers. In particular, show that 

(a/+6i)(a/-6t) = (o< + 6*)/, 

(a/+i>t)(c/+dt) = (oc—6<i)/+(ad + 6c)t. 

10. Prove that 


[x y z\.\a h jT. Tx] = [ax* + 6y* + cz>+2/yz + 2^ + 2Axy], 

h b / \y\ 

.9 S cj UJ 

that is, the usual quadratic form as a matrix having only one row and 
one column. 


11. Prove that the matrix equation 

= (A-B){A + B) 


is true only if .<4B = BA and that oA* + 2/<AB + 6B* cannot, in general, 
be written as the product of two linear factors unless^AB = BA. 


12. If A|, Ay are numbers, real or complex, and A is a square matrix 
of order n, then 

A»-(Ai+A,M+A,A,/ = M-A»/)(A-A,/), 
where I is the unit matrix of order n. 

Hint. The R.H.S. is A*—A,.4/—Ai/A+AiA,/* {by the distributive 
law). 

13. If /(A) = PoA"+piA*-' + ...+p„, where A are numbers, and if 
f{A) denotes the matrix 

then J{A) = pp(A —Aj— A„/), 

where A|.A^ are the roota of the equation f(A) = 0. 

14. If B = AA+p/, where A and p are nximbers, then BA = AB. 


The use of subnnatrices 
16. The matrix P £5 


may be denoted by 

where denotoe Tpn 

Ipti 

^.1 denotes [pn 


rpii 

Pit 

Pit 

\pmi 

Pit 

Pta 

Lp»i 

Pat 

Pat 

r^i 

i\,l 

1 

9 


^tJ 


Pill. 


Bji denotes Fpit] 

ptJ 


UmJ 

Paal' 


denotes [p„] 


M 


47M 
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Prove that, if Q, Qn, etc., refer to like matrices with 9^4 instead of 
then P+e=rP,i+ 0 „ P..+ e„l. 

L^n+^11 

PQ - {Pii Qii+Pi* Qti Pix QttV 

1 -^n Qii Pti <2ji+-Pii J 


Note. The first ‘column* of PQ as it is written above is merely 
a shorthand for the first two columns of the product PQ when it 
is obtained directly from X [jit]. 


16. Prove Example 8 by putting for 1 and i in Example 6 the two- 
rowed matrices of Example 9. 

17. If each P^^ and is a matrix of two rows and two columns, 
prove that, when r = 1, 2, 3, a = 1, 2, 3, 




Elementary transformations of a matrix 

18. lij is the matrix obtained by interchanging the fth and jth rows 
of the unit matrix 1. Prove that the effect of pre-multiplying a square 
matrix A by lij will be the interchange of two rows of A, and of post- 
multiplying by the interchange of two columns of A. 

Deduce that = /, = /jy. 

19. H = /+[Ay], the unit matrix supplemented by an element h 
in the position indicated, then HA affects A by replacing rowj by 
roWi + Arowj and AH affects A by rep>lacing col.^ by col.y+Acol.j. 

20. If H is a matrix of order n obtained from the unit matrix by 
replacing the rth unity in the principal diagonal by it, then HA is the 
result of multiplying the rth row of A by k, and AH is the result of 
multiplying the rth column of A by k. 


Examples on matrix multiplication 

21. Prove that the product of the two matrices 

[ coa*d cos 0 sin f cos*^ cos ^ sin 

cos 0 sin 0 sin*d J Lcos^sin^ sin*^ J 

is zero when 6 and <f> differ by an odd multiple of 

22. When (AijAj.Aj) and (fii, fj^) are the direction cosines of two 
lines I and m, prove that the product 


• Af A, A, AiA,-|) 

<r 


Ml Ms] 

AiAj A2 AgAjI 



MiM* 

.AjAj AjAs A| j 



Ml J 


is zero if and only if the lines I and m are perpendicular. 

23. Prove that L* = L when L denotes the first matrix of Example 22. 
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1. The transpose of a matrix 

1.1. Definition 13. If A is a viafrix of n columns, the matrix 
which, for r = 1, 2,..., n, has the r-th column of A as its r-th row 
is called the transpose of A {or the transposed matrix of ^). 
It is denoted by A'. 

If A — A', A is said to be symmetrical. 

The definition applies to all rectangular matrices. For 
example, 

ri 2 

3 4 
.5 6 

for the rows of the one are the columns of the otlier. 

When we are considering square matrices of order « we shall, 
throughout this chapter, denote the matrix by writing down 
the element in the fth row and k‘t\i column. In this notation, 
if ^ then A' = [a^.,]; for the element in tlie i'tli row 

and A:th column of A' is that in the kth row and ith column 

of A. 

1.2. Theorem 23. Law of reversal for a tk.anspose. If 
A and B are square matrices of order n, 

{ABY = B'A’: 

that is to say, the transpose of the product AB is the product of 
the transposes in the reverse order. 

In the notation indicated in § 1.1, let 

^ = [<Ukl ^ V'ikl 

80 that A ~ 

Then, denoting a matri.x by tlie element in tlie ith row and 
A:th column, and using the summation convention, we have 

AB [a^^bj,], {ABY ^ 


IS the transpose ol 


1 

2 


6 

4 


o 

6 
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Now the ith row of B’ is 6^,..., b^^ and the kth. column of 
A* is ®itnJ inner product of the two is 

n fi 

2 ^Si^kj =2 

ft 

Hence, on reverting to the use of the siunmation convention, 
the product of the matrices and A' is given by 

B'A^ = \pjiO'kj\ = \P'ki^ji\ 

= {ABY- 

Corollary. If A^ -B,..., K are square matrices of order n, the 
transpose of the product AB...K is the product K\.,B'A\ 

By the theorem, 

{ABCy -= C\ABY 
= C*B^A\ 

and so, step by step, for any number of matrices. 

2. The Kronecker delta 

The symbol Sjj^ is defined by the equations 

= 0 when i # X;, = 1 when i — k. 

It is a particular instance of a class of symbols that is exten* 
sively used in tensor calculus. In matrix algebra it is often 
convenient to use [5^;^] denote the unit matrix, which, as we 
have already said, has 1 in the leading diagonal positions (when 
i ^ Jc) and zero elsewhere. 

3. The adjoint matrix and the reciprocal matrix 

3.1. Transformations as a guide to a correct definition. 

Let ‘nttwdera’ X and x be connected by the equation 

X^Ax, (1) 

w'here A symbolizes a matrix [Uf*]. 

When A = {cr,j;.| ^ 0, x can be expressed uniquely in terms 
of X (Chapter II, §4.3); for when we multiply each equation 

n 

= 2 O'ik^k 
k^l 


(la) 
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by the co-factor and sura for t = 1, 2 ,..., n, we obtain 

n n n 

2 = 2 2 
t-1 fc-1 i = l 

= ^X;feS^A (Theorem 10) 

= XfA. 

That is, ^ (Au/A)Xi 

or ^i= 1 (^ki/^)^k- (2 a) 

k^l 

Thus we may write equations (2 a) in tlie symbolic form 

x = A-^X, ( 2 ) 

which is the natural complement of (1), provided we inteyjret 
to mean the matrix [Aj^JA]. 

3.2. Formal definitions. Let A = [a^^] be a square matrix 
of order n; let A, or \A\, denote the determinant la,*!; and let 
Afg denote the co-factor of a„ in A. 

Definition 14. A = [a^^] is a singitlar matrix i/ A = 0; 
it is an ordinary matrix or a non-singular matrix if A 0. 

Definition 15. The matrix {Ai^f\ is the adjoint, or the 
adjuoate, matrix of [a^*]. 

Definition 16. When [a^*] is a non-singular matrix, the 
matrix [A^JA] is the reciprocal matrix of [a^^]. 

Notice that, in the lost two definitions, it is Ai^f and not A^^ 
that is to be found in the tth row and A:th column of the matrix. 

3.3. Properties of the reciprocal matrix. The reason for 
the name 'the reciprocal matrix’ may be found in the properties 
to be enunciated in Theorems 24 and 25. 

Theorem 24. If [ci^] is a non-singular square matrix of order 
n and if Af, is the co-factor of a^g in A = [0^*1, then 

[<»(t]x['4K/^] = (1) 

a-nd X [a,,] = /, (2) 

where I is the unit matrix of order n. 



86 


RELATED MATRICES 


The element in the zth row and A:th column of the product 

[«i*]x[^w/^] is 1 n 

A 2 

which (by Theorem 10,f P- 30) is zero when i ^ k and is unity 
when i = k. Thus the product is [Sf*] = /. Hence (1) is proved. 
Similarly, using now the sum convention, we have 


and so (2) is proved. 

3.4. In virtue of Theorem 24 we are justified, when A denotes 

for we have shown by (1) and (2) of Theorem 24 that, with 
such a notation, 

AA--^ = I and A-^A = I. 


That is to say, a matrix multiplied by its reciprocal is equal 
to unit}’^ (the unit matrix). 

But, though we have shown that .4“^ is a reciprocal of 4, 
we have not yet shown that it is the only reciprocal. This we 
do in Theorem 25. 

Theorem 25. If A is a iion-singular square ynatrix, there is 
only one matrix which, when multiplied by 4, gives the unit 
matrix. 

Let R be any matrix such that AR ~ I and let 4“^ denote 
tlie matrix [4^.,/A]. Then, by Theorem 24, 44“^ = /, and hence 

4(i?-4-i) = 4/e-44-i = I-I = 0. 

It follows that (note the next two steps) 

4'*4(i2—4-1) = 4-1,0 = 0 (p. 75, §6.5), 

that is (by (2) of Theorem 24), 

/(i?-4-i) = 0, i.e. i?-4-i = 0 (p. 77, §7.1). 

Hence, if 47? = I, R must be 4-i. 

t For the precise form used here compare Example 6, p. C-*. 
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Similarly, if RA = /, we have 

{R-A-^)A = RA~A-^A = l-I = 0, 
and so {R — A-^)AA~^ = O.A-^ = 0; 

that is {R—A~^)I = 0, i.e. R—A-^ = 0. 

Hence, if RA ~ I, R must be A~^. 


3.5. In virtue of Theorem 25 we are justified in speaking of 
A~^ not merely as a reciprocal of A, but as the reciprocal of A. 

Moreover, the reciprocal of the reciprocal o( A is ^ itself, or, 
in symbols, = A. 


For since, by Theorem 24, AA-^ = A~'^A = /, it follows that 
A a reciprocal of A~^ and, by Theorem 25, it must be the 
reciprocal. 


4. The index law for matrices 

We liave already u.scd the notatiorts A^, A^,... to stand for 
AA, AAA,.... When r and s are positive integers it is inlierent 
in the notation that 

A'xA^ — 


When A-^ denotes tlic reciprocal of A and .s is a positive integer, 
we use the notation .4"* to denote (.^4"^)*. With this notation 
we may write 


A’'xA^ = A 




(I) 


whenever r, s are positive or negative integers, provided that 
A° is interpreted as I. 

We shall not prove (1) in every case; a proof of (1) w'hen 
r > 0, 8 = —t, and / > r > 0 will be enough to show the 
method. 

Let t = r-\-k, where k > 0. Then 

A'A-* == A'A-'-^ = A'A-'A-^. 


But AA-^ = I (Theorem 24), 

and, when r > 1, 

A^A-’’ = A^-'^AA-^A-'^^ = A^UA-'^"^ = 
so that A'A-'" — A^A~^ = /. 

Hence A'A~^ = IA~^ = A~^ — A'-^. 
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Similarly, we may prove that 



whenever r and 5 are positive or negative integers. 



5. The law of reversal for reciprocals 

Theorem 26. The reciprocal of a product of factors is the 
product of the reciprocals of the factors in the reverse order; in 
particular, (^5)"^ = 

{ABC)~^ = C-^B-^A-\ 

{A-^B-^y^ = BA. 

Proof. For a product of two factors, we have 

{B-^A-^).{AB) = B-^A-^AB (p. 75, §6,6) 

= B-^IB 


= B’^B=^ I (p. 77, §7.1). 

Hence is a reciprocal of AB and, by Theorem 26, it 

must be the reciprocal of AB. 

For a product of three factors, we then have 

{C-^B-^A~^){ABC) - C-UC 

= C-W = I, 

and 80 on for any number of factors. 

Theorem 27. The operations of reciprocating and transposing 
are commutative; that is, 

{A^y^ = {A~^y. 

Proof. The matrix A-"^ is, by definition, 

SO that {A-'^y — [A^JA]. 

Moreover, A' = 

and so, by the definition of a product and the results of 
Theorem 10 

Hence {A~^y is a reciprocal of A* and, by Theorem 26, it must 
be the reciprocal. 


A’.{A-^y = [S,J = /. 
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6 . Singular matrices 

If ^ is a singular matrix, its determinant is zero and so we 
cannot form the reciprocal of ^.though we can, of course, form 
the adjugate, or adjoint, matrix. Moreover, 

Theorem 28. The product of a siiujidar matrix bp its adjoint 
is the zero matrix. 

Proof. If A = [a,n.] and = 0, then 

n n 

/=i 

t 

both when i ^ k and when i = k. Hence the products 

are both of them null matrices. 

7. The division law for non-singular matrices 

7.1. Theorem 29. (i) If the matrix A is non-singular, the 
equation AB — 0 implies B — 0. 

(ii) If the matrix B is ncm-singulur, the equation AB = 0 
implies A = 0. 

Proof, (i) Since tlie matrix A i.s non-singular, it has a reci¬ 
procal A-^, and A~^A == I. 

Since = 0, it follow.s tliat 

A-^AB = A-^xO ~ 0. 


But A-'AB = IB = B, and so ^ = 0. 

(ii) Since B is non-singular, it lias a reciprocal /?■', and 

BB-^ = I. 

Since AB = 0, it follows that 

ABB-^ = Oy B-^ = 0 . 

But ABB-^ = Al = A, and ho A — 0. 

7.2. The divi.sion law for malrice.s thus takes the form 

'If AB — 0, then either A 0 , or B ~ 0, or iiOTH A and B 
are singular matrices.' 

47W K 
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7.3. Theorem 30. If A ia a given matrix and B ia a non- 
aingular matrix {both being aquare matrices of order n), there ia 
one and only one matrix X auch that 

A = BX, (1) 

and there ia one and only one matrix Y auch that 

A = YB. (2) 

Aforeover, X = B-^A, Y = AB-^. 

Proof. We see at once that X = B~^A satisfies (1); for 
BB-^A = IA = A. Moreover, if .4 = BR, 

0 = BR-A = B{R~B-^A), 

0 = B-^B{R~B-^A) 

= I{R-B~^Al 

so that R—B-^A is the zero matrix. 

Similarly, Y = AB-^ is the only matrix that satisfies (2). 

7.4. The theorem remains true in certain circumstances when 
A and B are not square matrices of the same order. 

Corollary. If A ia a fnatrix of m rows and n columna, B 
a non-singular square matrix of order m, then 

A ^ BX 

has the unique solution X = B-'^A. 

If A is a matrix of m rows and n columns, C a non-singular 
square matrix of order n, then 

A = YC 

has the unique solution T = AC~^. 

Since B-^ has m columns and A has m rows, B~^ and A are 
conformable for the product B~^A, which is a matrix of m rows 
and n columns. Also 

B.B-KA = IA = A, 

where I is the unit matrix of order m. 

Further, if A = BR, R must be a matrix of m rows and 
n columns, and the first part of the corollary may be proved 
as we proved the theorem. 
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The second part of the corollary may be proved in the same 
way. 

7.5. The corollary is particularly useful in writing down 
the solution of linear equations. If A = is a non-singular 
matrix of order n, the set of equations 

n 

= n) (3) 

fc-i 

may be written in the matrix form 6 = Ax, where 6, z stand 
for matrices with a single column. 

The set of equations 

n 

l^kiVk = n) (4) 

fc-i 

may be written in the matrix form 6' = y'A, where b', y' stand 
for matrices with a single row. 

The solutions of the sets of equations are 

x = A-% y' =^b'A~K 

An interesting application is given in Example 11, p. 92. 


Examples VIII 


1. When 


A = 

'a 

h 

ff' 

. B = 

■^1 




h 

b 

/ 


yi 


y* 


.0 

/ 

c. 




Za. 


form the products AB, BA, A'B', B'A' and verify the result enunciated 
in Theorem 23, p. 83. 

Hikt. Use X = ax + Ay+grr, Y = hx-\-by-{-Jz, Z = yx-f /y-f-cz. 

2. Form these products when A, B are square matrices of order 2, 
neither being symmetrical. 

3. When A, B are the matrices of Example 1, form tlie matrices A~^, 
and verify by direct evaluations that {AB)~^ = 

4. Prove Theorem 27, that = (A”*)', by considering Theorem 

23 in the particular case when B = A“*. 

5. Prove that the product of a matrix by its transpose is a 83 nn> 
metrical matrix. 


Hint. Use Theorem 23 and consider the transpose of the matrix AA'. 

6. The product of the matrix by its adjoint is equal to 
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Use of submatrices (compare Example 15, p. 81) 

7. Let L = TA 11, A/ = 11, = [v], where A,/i, v are non-zero 

Lo aJ Lo 

numbers, and let ^ = TL 0 0 

0 AX 0 
.0 0 

Prove that 


A^ = 

V- 

0 

0 ' 

. = 

L-i 

0 

0 • 


0 

A/2 

0 


0 

A/-* 

0 


. 0 

0 



. 0 

0 

7^-1 


Hint. In view of Tlieorem 25, the Inst part is proved by showing 
that the product of A and the last matrix is I. 

8. Prove that if/(-4) = where p„ are 

numbers, then /(A) may be written as a matrix 

7(J^) 0 0 1. 

0 /(A/) 0 

. 0 0 /(N). 

and that, when/(.4) is non-singular, {/(.<4)}“‘ or 1//(A) can be written 
in the same matrix form, but with 1//(X«), 1//(A/), l/f(N) instead of 
/(L), f{M), f(N). 

9. fir(.4) are two polynomials in -4 and if ^(.4) is non-singular, 
prove the extension of Example 8 in whicli / is replaced by fjg. 


Miscellaneous exercises 

10. Solve equations (4), p. 91, in the two forms 

y = (.4')''6. y' = b'A-^ 

and then, using Theorem 23, prove that 

(.4')-* = (-4->)'. 

11. ,4 is a non-singular matrix of order n, x and y are single-column 
matrices with rows, I' and in' are single-row matrices with n columns; 

y = -4x, I’x = m'y. 

Provo that m' = l'A~^, m = 

s 

Interpret this result when a linear transformation t/j — 2 

Jfc-i 

(i = l, 2, 3) changes into Wjt/i-f-mjt/g+mai/j and 

(yi.yg.ys) arc regarded as homogeneous point-coordinates in 

a plane. 

12. If the elements a^f. of A are real, and if *4.4' = 0, then .4 = 0. 

13. Tlic elements of A are complex, the elements of are the 
conjugate complexes of Oj^, and AA' = 0. Prove that A = A ^ 0. 

14. A and B aro square matrices of the same order; A is sjTnmotrical. 
Prove that B'AB is symmetrical. [Chapter X, §4.1, contains a proof 
of this.] 


CHAPTER VIII 

THE RANK OF A MATRIX 

[Section 6 is of less general interest than the remainder of the cliapter. 
It may well be omitted on a first reading.] 

1. Definition of rank 

1.1. The minors of a matrix. Suppose we arc given any 
matrix A, whether square or not. From this matrix delete all 
elements save those in a certain r rows and r columns. When 
r > 1, the elements that remain form a square matrix of order 
r and the determinant of this matrix is called a minor of A of 
order r. Each individual element of A is, when considered 
in this connexion, called a minor of A of order 1. For 
example, 


the determinant 

a c 1 

is a minor of 

'a b c 


9 i 


d e f 




.9 h i. 


of order 2; a, 6,... are minors of order 1. 

1.2. Now any minor of order r+1 (r ^ 1) can be expanded 
by its lirst row (Theorem 1) and so can be written as a sum of 
multiples of minors of order r. Hence, if everi/ minor of order r 
is zero, men every minor of order r-fl must also be zero. 

The converse is not true; for instance, in the example given 
in § 1.1, the only minor of order 3 is the determinant that con¬ 
tains all the elements of the matrix, and this is zero if a = 6, 
d — e, and g = h; but the minor ai—gc, of order 2, is not 
necessarily zero. 

1.3. Rank. Unless every single element of a matrix A is 
zero, there will be at least one set of minors of the same order 
which do not all vanish. For any given matrix with n rows and 
m columns, other than the matrix with every element zero, 
there is, by the argument of § 1.2, a definite positive integer p 
such that 

EITHER p is less than both m and n, not all minors of order 
p vanish, but all minors of order p-j-1 vanish. 
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OR /) is equal tof min(7n, n), not all minora of order p vanish, 
and no minor of order p-\- 1 can be formed from the matrix. 

This number p is called the rank of the matrix. But the 
definition can be made much more compact and we shall take 
as our working definition the following: 

Definition 17. A matrix hfis rank r when r is the largest 
integer for which the statement *not all minors of order r are 
zero' is valid. 

For a non-singular square matrix of order n, the rank is n; 
for a singular square matrix of order n, the rank is less than n. 

It is sometimes convenient to consider the null matrix, all 
of whose elements are zero, as being of zero rank. 

2. Linear dependence 

2.1. In the remainder of this chapter we shall be concerned 
with linear dependence and its contrary, linear independence; 
in particular, we shall be concerned with the possibility of 
expressing one row of a matrix as a sum of multiples of certain 
other rows. We first make precise the meanings we shall attach 
to these terms. 

Let Ui,..., be 'numbers' y in the sense of Chapter VI, each 
having n components, real or complex numbers. Let the com¬ 
ponents be , . , . 

v^ll.^mnh 

Let F be any fieldj of numbers. Then Oj,..., a^ are said to be 
linearly dependent with respect to F if there is an equation 

/,o,+ „a„ = 0, (1) 

wherein all tlie I's belong to F and not all of them are zero. 
The equation (1) implies the equations 

+ = b {r = 1 ,..., n). 

The contrary of linear dependence with respect to F is linear 
independence with rc.spect to P. 

The 'mnnbfr' is said to be a sum of multiples of the 

t When m = n, min(m, n) = m = n; 

vrhon m 7 ^ n, inin{m, n) = the smaller of rn and n. 

J Compare Prolimuiary Note, p. 2. 
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'numbers' Oj,..., with respect to F’ if there is an equation of 
the form „ i „ y \ i „ /o\ 

wherein all the Ts belong to F. The equation (2) implies the 
n equations 

U-yf — /2^2r“l“ iX ~ !>•••» ^)* 


2.2. Unless the contrary is stated we shall take to be the 
field of all numbers, real or complex. Moreover, we shall use 
the phrases ‘linearly dependent’, ‘linearly independent’, ‘is a 
sum of multiples’ to imply that each property holds with 
respect to the field of all numbers, real or complex. For 
example, ‘the "number'' a is a sum of multiples of the "numbers" 
b and c* will imply an equation of the form a — lyb-\-l^c, where 
ly and are not necessarily integers but may be any numbers, 
real or complex. 

As on previous occasions, we shall allow ourselves a wide 
interpretation of what we shall call a 'number'-, for example, in 
Theorem 31, which follows, we consider each row of a matrix 
as a 'number*. 


3. Rank and linear dependence 

3.1. Theobem 31. If A is a matrix of rank r, where r > 1, 
and if A has more than r rows, we can select r rows of A and 
express every other row as the sum of multijdes of these r rows. 

Let A have m rows and n columns. Then there are two 
possibilities to be considered; either (i) r = n and m > n, or 
(ii) f < n and, also, r < m. 

(i) Let r = n and m > n. 

There is at least one non-zero determinant of order n that 
can be formed from A. Taking letters for columns and suffixes 
for rows, let us label the elements of A so that one such non¬ 
zero determinant is denoted by 

A = a| 

• • • « « 

“n frn • - 

With this labelling, let n-i-d be the suffix of any other row. 
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Tlien (Chap. II, §4.3) the n equations 

^l^ + ^2^2+"*+^n^n = ^n+9> 

+ + + = ^'n+0 

have a unique solution in h,---, given by 

and so on. Hence the rowf with suffix n~\-d can be expressed 
as a sum of multiples of the n rows of .4 that occur in A. This 
proves the theorem when r ~ n < m. 

Notice that the argument breaks down if A = 0. 

(ii) Let r < n and, also, r < ?/?. 

There is at least one non-zero minor of order r. As in (i), take 
letters for columns and suffixes for rows, and label the elements 
of .4 so tliat one non-zero minor of order r is denoted by 

■ • Pi '• 

• • P2 

» • « I 

• ■ Pr ' 

W’ith tliis labelling, let the remaining rows of A have suffixes 
r f 1 , m. 

Consider now the determinant 



• Pi 

«! 


# # • 

Pr 


■ 

• Pt^9 



where 0 i.s any integer from 1 to m — r and where a is the letter 
of .ANY column of *4. 

If A is one of the letters a,..., p, then D has two columns 
identical and so is zero. 

If A is not one of the letters a . p, then is a minor of 

. 1 of order r-f- 1; and since the rank of .4 is r, D is again zero. 


M = I 61 

^2 ^2 

I « • 

I br 



t Pf to denote tJio row \vho:^e letters have suffix t, wo may write 


equations (1) as 


Pn-^$ — Pi + Pt + + In Pn* 
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Hence D is zero when a is the letter of any column of A, 
and if we expand D by its last column, we obtain the equation 

•^cic^+^4-\ai+A2Qf2+--.-|-A,.a,. = 0, (2) 


where M ^ 0 and where M, Ai,..., \ are all independent of a. 
Hence (2) expresses the row with suffix r~\-$ as a sum of 
multiples of the r rows in M ; symbolically, 



This proves the theorem when r is less than m and less than n. 

Notice that the argument breaks down if = 0. 

3.2. Theorem 32. If A is a matrix of rank r, it is impossible 
to select q rows of A, where q < r, and to express every other row 
as a sum of multiples of these q rows. 

Suppose that, contrary to the theorem, we can select q rows 
of A and then express every other row as a sum of multiples 
of them. 

Using suffixes for rows and letters for columns, let us label 
the elements of A so that the selected q rows are denoted by 
Pi. P 2 . Pq- Then, for k = 1,..., m, where m is the number of 
rows in A, there are constants such that 

Pk ~ KkPl~^- -~^\kPg’ (3) 

for if A; = i,..., q, (3) is satisfied when — ^tk* 

and if k > q, (3) expresses our hypothesis in symbols. 

Now consider any (arbitrary) minor of A of order r. Let the 
letters of its columns be a,..., 9 and let the suffixes of its rows 
be ki,..., k^. Then this minor is 


Ai*.«!+•••+• 

- Ajjt,01, 

A A A A A 

Ai*,«i + --'+AQA,a^ • 

4 f ♦ • • ^ 

• \kr “h " • “f“ Agi-^ 9^ 


which is the product by rows of the two determinants 


Aifc, • • \k, ^ ^ 

1 

f 

tti . . 0 . .0 

^ A A * 4 4 

Aijfc, • • A^;^^ 0 . .0 


♦ 4 w ▼ 

0, . . 0^ 0 . .0 


each of which has r —q columns of zeros. 

470® o 
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Accordingl 3 % our supposition were true, every minor of A 
of order r would be zero. But this is not so, for since the rank 
of A is r, there is at least one minor of A of order r that is not 
zero. Hence our supposition is not true and the theorem is 
established. 


4, Non-homogeneous linear equations 
4.1. We now consider 


yai,x, = bi (i = 1,.... ;«), (1) 

^ “1 

a set of m linear equations in 7i unknowns, Such a set 

of equations may either be consistent, that is. at least one set of 
values of x may be found to satisfy all the equations, or they 
may be inconsistent, tliat is, no set of values of x can be found 
to satisfy all tlic ecpiations. To determine whether the equa¬ 
tions are consistent or inconsistent we consider the matrices 


A = 

^11 

• • 

^\n 

• 

II 

Cfii . 

• • 

• ^In 

• • • • 



• ^mn. 


S^ml 

• ^nin ^m. 


We call /> the augmented matrix of A. 

Let tile ranks (>1 A. H be r. r* respectivel}’’. Then, since everv 
minor of .-1 is a minor of B. either r — r' or r < r' [if A has 
a non-zero minor of order r, then so has B; but the converse 
is not necessarily true]. 

Wc shall prove that ihe cqualiofi6- arc consiste?il when r = r' 
anti are inconaiftltnt when r < r. 


4.2. bet r < Since r’ < ;n, r < We can .select r rows 
of A and express every otiicr row of A as a sum of multiples 
of tlic.se r rows. 

brt us number the equations (I) so that the selected r rows 

bc(‘omc the no\s with suflixes I,..., r. Tiien we have equations 
ol the form 


^r^o.t ~ = b---, «) (2) 

wherein tlic A‘s are independent of t. 

J.ct us now make the hyjiothesis that the equations (1) are 
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consistent. Then, on multiplying (2) by .r^ and summing from 
/ = 1 to ^ = n, we get 

K+q ~ (3) 

The equations. (2) and (3) together iinj)ly that we can express 
any row of .6 as a sum of multiples of the first r rows, which 
is contrary to the fact that the rank of B is r' (Theorem 32). 
Hence the equations (1) cannot be consistent. 

4.3. Let t' — r. If r = (1) ma}' be written as (5) below. 

If r < m, we can select r rows of B and express ever}' other 
row as a sum of multiples of these r rows. As before, number 
the equations so that these r rows corres 2 )ond to i ~ 1,..., r. 
Then every set of x that satisfies 

= bi it = 1 ,..., r) ( 4 ) 

< = i 

satisfies all the equations of (1). 

Now let a denote the matrix of the coefiicicnts of x in (4). 
Then, as we shall prove, at least one minor of a of order r must 
have a value distinct from zero. For, since the Atli row of A 
can be written as x , , \ 

^ikPi~r-"'r\kPr> 

every minor of A of order r is the product of a determinant 
^ determinant wherein i lias the values 1 ,..., r 

(put g = r in the work of §3.2); that is, every minor of A of 
order r has a minor of a of order r as a-factor. Rut at least 
one minor of A of order r is not zero and hence one minor of 
a of order r is not zero. 

Let the suffixes of the variables x be numbered so that the 
first r columns of a yield a non-zero minor of order r. Then, 
in this notation, the equations (4) become 

r n 

2 a^fXf = bi- 2 (i = I,..., r), (5) 

wherein the determinant of the coefficients on the left-hand 
side is not zero. The summation on the right-hand side is 
present only when n > r. 

If 71 > r, we may give x^^i,..., x„ arbitrary values and then 
solve equations (5) uniquely for Xj,..., x,. Hence, if r = r' and 
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n > r, the equations (1) are consistent and certain sets of n—r 
of the variables x can be given arbitrarj’^ values, f 

If = r, the equations (5), and so also the equations (1), are 
consistent and have a unique solution. This unique solution 
may be written symbolically (Chap, \TI, §7.5) as 

X = 

where is the matrix of the coefficients on the left-hand side 
of (5), b is the single-column matrix with elements 
and X is the single-column matrix with elements x^,..., x„. 

5. Homogeneous linear equations 

The equations 

n 

^2 = 0 (» = 1,..., m), (6) 

which form a set of rn homogeneous equations in n unknowns 
Xj,..., may be considered as an example of equations (1) 
wlien all the are zero. The results of §4 are immediately 
applicable. 

Since all 5,- are zero, the rank of B is equal to the rank of A, 
and so equations (6) are always consistent. But if r, the rank 
of .4, is equal to 7i, then, in the notation of §4.3, the only 
solutrm of equations (6) is given by 

X = .4i^5, 6 = 0. 

Hence, when r = n the only solution of (6) is given by x = 0, 
that is. Xj = Xg = ... = x„ = 0. 

When r < 71 we can, as when we obtained equations (6) of 
§4.3, reduce the solution of (6) to the solution of 

1 = - 2 (* = 1,..., r), (7) 

<-l <-r+I 

wherein the determinant of the coefficients on the left-hand 
side is not zcro.;^ In this case, all solutions of (6) are given by 

t Not ali sets of n — r of the variables may be pven arbitrary' values: the 
criterion is that the coefficients of the remaining r variables aliould provide 
a ikon- 2 oro dotenninont of order r. 

t The notation of (7) is not necessarily that of (6): the labelling of the 
elements of A and the numbering of the variables z has followed the procedure 
laid down in § 4.3. 
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assigning arbitrary values to and then solving (7) for 

a?!,..., Xf. Once the values of have been assigned, the 

equations (7) determine x^ uniquely. 

In particular, if there are more variables than equations, 

i.e. n > Tw, then r < n and the equations have a solution other 
than Xi = ... = X,, = 0. 

6. Fundamental sets of solutions 

6.1. When r, the rank of .<4, is less than n, we obtain n — r 
distinct solutions of equations (6) by solving equations (7) for 
the n—r sets of values 


^r+l 

= 1, 

a^r+i = 0> 



• 

= 0, 

% 4 

^r+2 ^ 

A A ^ A 

• ••> ^r+2 \ 

• • • • 1 

(8) 


= 0. 

V V 9 9 

• 

= 0 , 

"■> ~ / 



We shall use X to denote the single-column matrix whose ele¬ 
ments are x^,..., x„. The particular solutions of (6) obtained 
from the sets of values (8) we denote by 

Xj-. 1, 2,..., n—r). (9) 

As we shall prove in § 0.2, the general solution X of (6), which 
18 obtained by giving Xr^^,..., x^ arbitrary values in (7), is 
furnished by the formula 

X = (10) 

That is to say, (a) every solution of (6) is a sum of multiples 
of the particular solutions X^.. Moreover, (6) no one X^ is a sum 
of multiples of the other X*. A set of solutions that has the 
properties (a) and (6) is called a fundamental set of solu¬ 
tions. 

There is more than one fundamental set of solutions. If we 
replace the numbers on the right of the equality signs in (8) by 
the elements of any non-singular matrix of order n — r, we are 
led to a fundamental set of solutions of (6). If we replace these 
numbers by the elements of a singular matrix of order n—r, 
we are led to n —r solutions of (6) that do not form a funda¬ 
mental set of solutions. This we shall prove in §6.4. 
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6.2. Proof t of the statements made in §6.1. We are 
concerned with a set of m homogeneous linear equations in n 
unknowns whe.n the matrix of the coefficients is of rank r and 
ran. As we have seen, every solution of such a set is a solu- 
tion of a set of equations that may be written in the form 

i ««*/ = - i (i = 1.-, r), (7) 

<-l <-r+l 

wherein the determinant of the coefficients on tlie left-hand 
side is not zero. We shall, therefore, no longer consider the 
original equations but shall consider only (7). 

As in §6.1, we use X to denote a:„ considered as the 

row elements of a matrix of one column, Xjt to denote the 
particular solutions of equations (7) obtained from the sets of 
values (8). Further, we use to denote the A*th column of (8) 
considered as a one-column matrix, that is, has unity in its 
Mh row and zero in the remaining n—r— 1 rows. Let Ai denote 
the matrix of the coefficients on the left-hand side of equations 
(7) and let Af' denote the reciprocal of A^. 

In one step of the proof we use X“+* to denote 3 :^+, 

considered as the elements of a one-column matrix. 

The general solution of (7) is obtained by giving arbitrary 
values to and then solving the equations (uniquely, 

since A^ is non-singular) for This solution may be 

symbolized, on using the device of sub-matrices, as 



But the last matrix is 



t Many readers wiil prefer to omit these proofs, at least on a first reading. 
The remainder of § 6 does not make easy reading for a beginner. 
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and so we have proved that every solution of (7) may be repre¬ 
sented by the formula 

( 10 ) 

6.3. A fundamental set contains n—r solutions. 

6.31. We first prove that a set of less than n—r solutions 

cannot form a fundamental set. 

Let Yi,..., Yp, where p < n—r, be any p distinct solutions of 
(7). Suppose, contrary to what we wish to prove, that Y^ form 
a fundamental set. Then there are constants such that 

Xfc = 2Aa-Yi = n-r), 

where the X^. are the solutions of §6.1 (9). By Theorem 31 
applied to the matrix whose rank cannot exceed p, we 
can express every X^. as a sum of multiples of p of them (at 
most). But, as we see from the table of values (8), this is 
impossible; and so our supposition is not a true one and the 
Y^ cannot form a fundamental set. 

6.32. We next prove that in any set of more tlian n—r solu¬ 
tions one solution (at least) is a sum of multiples of the re¬ 
mainder. 

Let Yi,..., Yp. where p > n-r, be any p distinct solutions of 
(7). Then, by (10), 

n-r 

Yf = 2 

k^l 

where is the value of in Y^. Exactly as in §0.31, we 
can express every Y^ as a sum of multiples of n—r of them 
(at most). 

6.33. It follows from the definition of a fundamental set and 
from §§6.31 and 6.32 that a fundamental set must contain n — r 
solutions. 

6.4. Proof of statements made in §6.1 {continued). 

6.41. If [C(jt] is a non-singular matrix of order n—r, and if 
X'i is the solution of (7) obtained by taking the values 

^r+l ~ ^r+2 ~ *■'» ^{,n-r> 
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then, by what we have proved in § 6.2, 


n—r 


XI = 2 (i = 1 ,..., n-r). 

fc = l 

On solving these equations (Chap. VII, §3.1), we get 


n—r 


= Z (i = 1 ,..., »— r), 


(11) 


where [y^ J is the reciprocal of [c^J. 

Hence, by (10), every solution of (7) may be written in the 
form 

^ = .2 ^r+i 2 Yik 

t=i *-i 
n-r itx-r 




Moreover, it is not possible to express any one as a sum 
of multiples of the remainder. For if it were, (11) would give 
equations of the formf 

2 Pik'^k (» = 1,..., n-r) 

and these equations, by the argument of §6.31, would imply 
that one X^ could be expressed as a sum of multiples of the 
others. 

Hence the solutions XJ form a fundamental set. 

6.42. If is a singular matrix of order n—r, then, with 
a suitable labelling of its elements, there are constants Ag, such 
that 

^p+6,k ~ ^^0s^8k (^ ~ !>•••» n—r), 

where p is the rank of the matrix, and so p < n—r. 

But, by (10), 

n — r 

'^P+e = 2 ^p+ 0 ,k^k = l>-"> n—r—p) 


and 


n-r 


2 ^sk^k p) 

k^l 


t Wo have supposed the solutions to bo labelled so that can be written 
aa a sum of multiples of the rest* 
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Hence there is an equation 

= i k. x; 

3 = 1 

and so the XJ cannot form a fundamental set of solutions. 

6.5. A set of solutions such that no one can be expressed 
as a sum of multiples of the others is said to be linearly 

INDEPENDENT. 

By what we have proved in §§ 6.41 and 6.42, a set of solutions 
that is derived from a non-singular matrLx is linearly 
independent and a set of solutions that is derived from a suigu- 
lar matrix is not linearly independent. 

Accordingly, if a set of n—r solutions is linearly independent, 
it must be derived from a non-singular matrix [c,^.] and so, by 
§6.41, such a set of solutions is a fundamental set. 

Hence, any linearly independent set of n—r solutions is a 
fundamental set. 

Moreover, any set of n—r solutions that is not linearly in¬ 
dependent is not a fundamental set, for it must be derived from 
a singular matrix 


Examples IX 

Devices to reduce the calculations when finding the rank of a 
matrix 

1. Prove that the rank of a matrix is imalterccl by any of the following 
changes in the element.*? of the matrix: 

(i) the interchange of two rows (columns), 

(ii) the multiplication of a row (column) by a non-zero constant, 

(iii) the addition of any two ^ow.'^. 

Hint. Finding the rank depends upon showing which minors of the 
matrix are non-zero deterrninant.s. Or, more compactly, use Examples 
VII, 18-20, and Theorem 34 of Chapter IX. 

2. When every minor of [on) of order rH-1 that contains the first 
f rows and r columns is zero, prove that there arc constants such 
that the Jtth row of [Oj*] i.s given by 

r 

Pk — 

i-1 

Provo (by the method of §3.2, or otherwise) that every minor of [Ojj;.] 
of order r-|-1 is then zero. 
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3. By using Example 2, prove that if a minor of order r is non-zero 
and if every minor obtained by bordering it with the elements iinm an 
arbitrary column and an arbitrary row are zero, then the rank of the 
matrix is r. 

4. Rule for symmetric sqitare matrices. If a principal minor of 
order r is non-zero and all principal minors of order r*f 1 are zero, then 
the rank of the matrix is r. (See p. 108.) 

Prove the rule by establishing the following results for 

(i) If Aiji denotes the co-factor of in 
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then AuAft—Ait^gi — MC, where M is the complementary minor of 

^ (Theorem 18). 

(ii) If every C = 0 and every corresponding = 0, then every 
Agi = Alt — 0 (Example 2) every minor of the complete matrix 
[ojfc] of order r-f-1 is zero. 

(iii) If all principal minors of orders r-f-1 and r+2 are zero, then the 
rank is r or less. (May be proved by induction.) 

Numerical examples 

5. Find the ranks of the matrices 

(i) ri 3 4 7], (ii) r4 6 ei. 

2 4 5 8 6 6 7 

.3 1 2 aj [7 8 9 

(iii) r2 1 3 4], (iv) [613 8 ' 

5814 426—1 

6 5 8 1 10 3 9 7 

.3 8 7 2] [16 4 12 15. 

Am, (i) 3, (ii) 2, (iii) 4, (iv) 2. 

Geometrical applications 

6. The homogeneous coordinates of a point in a plane are (a;, y, z). 
Provo that the three points {x^, y,, 2 ,.), r = 1, 2, 3, are collinear or non- 
collincar according as the rank of the matrix 

Vi =i 
•*•8 Vt 2a 

Vz 23 . 

is 2 or 3. 
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7. The coordinates of an arbitrary point can be written (with the 
notation of Example 6) in the form 

X — kci-{-fiXi+vXt, 


y = Ai/i+^yt+»T/s» 

z = Xzi+nZi-\-vZz, 


provided that the points 1, 2, 3 are not collinear. 

Hint. Consider the matrix of 4 rows and 3 columns and use 
Theorem 31. 


8. Give the analogues of Examples 6 and 7 for the liomogeneous 
coordinates (x, y, z, w) of a point in three-dimensional space. 

9. The configuration of three planes in space, whose cartesian equa- 

&r0 L / * t o o V 

anX+aiay+OijZ = {% = 1, 2 , 6 ), 


is determined by the ranks of the matrices A = (Ojil and the augmented 
matrix B (§4.1). Check the following results. 

(i) When jo,tj 0, the rank of A is 3 and the three planes meet in 

a finite point. 

(ii) When the rank of i4 is 2 and the rank of B is 3, the planes have 
no finite point of intersection. 

The planes are all parallel only if every An^ is zero, when the rank 
of ^ is 1. When the rank of A is 2, 


either (o) no two planes are parallel, 

or (6) two are paiallel and the thuxi not. 


Since == 0, 



(Theorem 12), and if the planes 2 and 3 intersect, their line of inter¬ 
section has direction cosines proportional to /Iji. Ajj, Hence in 
(o) the planes meet in three parallel lines and in (6) the third plane 
meets the t^^o parallel planes in a pair of parallel lines. 

The configuration is three planes forming a triangular prism; as a 
special case, two faces of the prism may be parallel. 

(hi) When the rank of .<4 is 2 and the rank of 5 is 2, one equation 
is a sum of multiples of the other two. The planes given by these two 
equations are not parallel (or the rank of A would bo 1), and so the 
configuration is three planes having a common line of intersection. 

(iv) When the rank of .A is 1 and the rank of R is 2, the three planes 
are parallel. 

(v) When the rank of A is I and the rank of R is 1, all three equa¬ 
tions represent one and the same plane. 
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10. Prove that the rectangular cartesian coordinates X^, X^) of 
the orthogonal projection of (Xj, x,, x^) on a line through the origin having 
direction cosines (Z|, I 2 , l^) are given by 

X=\ll IJ 2 

k h II It h 
Ikk hh 111 

where X, x are single column matrices. 

11. If L denotes the matrix in Example 10, and Af denotes a corre¬ 
sponding m matrix, that 

L^ = L and = Af 

and that the point {L-\-M)x is the projection of x on a line in the plane 
of the lines I and m if and only if I and m are perpendicular. 

Note. A ‘principal minor’ is obtained by deleting corresponding rows 
and columns. 



CHAPTER IX 

DETERMINANTS ASSOCIATED WITH MATRICES 

1. The rank of a product of matrices 

1.1. Suppose that A is a matrix of n columns, and B a matrix 
of n rows, so that the product AB can be formed. When A lias 
Til rows and B has columns, the product AB has rows 
and 712 columns. 

If are typical elements of A, R, 

n 

is a typical element of AB. 

Any i-rowed minor of AR may, with a suitable labelling of 
the elements, be denoted by 

Cii Ci2 Cy 

^21 ^22 • • ^2/ 

. • • • • 

C<1 ^t( 

When t = n (this assumes that ^ n, ^ n), A is the 
product by rows of the two determinants 

Oil • ®ln ' ^11 ^nl ' 

« « • * • • . • 

0„i • Onn ^In ^nn 

that is, A is the product of a <-row’ed minor of A by a ^-rowed 
minor of R. 

When i 71, A is the product by rows of the two arrays 

Oil . ^in • ^nl 

• * « » « • • • 

0/1 . 0(n ^nt 

Hence (Theorem 15), when / > ti, A is zero; and when t < n, 
A is tlie sum of all the products of corresponding determinants 
of order I that can be formed from the two arrays (Theorem 14). 

Hence every minor of A R of order greater than n is zero, and 
every minor of order / ^ ti is the sum of products of a ^-rowed 
minor of A by a i-rowed minor of B. 
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Accordingly, 

Theorem 33. The rank of a prodtict AB canrvot exceed the 
rank of either factor, 

For^ by what we have shown, (i) every minor oi A B with 
more than n rows is zero, and the ranks of A and B cannot 
exceed n, (ii) every minor of AB of order < ^ w is the product 
or the sum of products of minors of A and B of order ^ If all 
the minors of A or if all the minors of B of order r are zero, 
then so are all minors of of order r. 

1.2. There is one type of multiplication which gives a theorem 
of a more precise character. 

Theorem 34. If A has m rows and n columns and B is a non¬ 
singular square matrix of order n, then A and AB have the same 
rank; and if C is a non-singular square matrix of order m, then 
A and CA have the same rank. 

If the rank of .4 is r and the rank of is p, then p < r. 
But A — AB.B~^ and so r, the rank of A, cannot exceed p and 
n, which are the ranks of the factors AB and B~^. Hence p = r. 

The proof for CA is similar. 


2. The characteristic equation; latent roots 
2.1. Associated with every square matrix A of order n is the 
matrix A~XI, where I is the unit matrix of order n and A is 
any number, real or complex. In full, this matrix is 


“ii-A 

®12 

* 


“in ■ 


^22 ^ 


• 






« 


0^2 


♦ 



The determinant of this 


matrix is of the form 


/(A) = (-l)”(A-+PiA«-i+...+pJ, (1) 

where the are polynomials in the elements a^^. The roots 
of the equation /(A) = 0, that is, of 

1^-A/| = 0, (2) 

are called the latent boots of the matrix A and the equation 
itself is called the characteristic equation of A. 
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2.2. Theokem 35. Every square matrix satisfies its oum 
characteristic equation; that is, if 

\A-XI\ = 

then / = 0. 

The adjoint matrix of A—XI, say B, is a matrix whose ele¬ 
ments are polynomials in A of degree n—1 or less, the coeffi¬ 
cients of the various-powers of A being polynomials in the 
Such a matrix can be written as 

A-h--.H--5,(-2 A"”^4 -^«_i A”“^, (3) 

where the are matrices whose elements are polynomials in 
the a^f^. 

Now, by Theorem 24, the product of a matrix by its ad¬ 
joint = determinant of the matrix x unit matrix. Hence 

{A~XI)B= \A-XI\xI 

on using the notation of (1). Since B is given by (3), we have 

(^-A/)(5o+J3iA-1--.. + B„-2A“-H^„-i^"-') 

= {-l)"(A"-f;)iA"-i+. 

This equation is true for all values of A and we may therefore 
equate coefficientsf of A; tliis gives us 

~B,^^-{-AB„^, = {~l)”p,I, 


— B(i-\-ABi — (—l)”i>n-i 

AB,= {-l)-p„I. 

t We may regard the equation as the conspectus of tlio n* equations 

K-^5u)(C+-+*'u“'’A"-‘) 

= ( —l)"(A* + p,A"“* + ...-}-p,)5^ (i, k = 1.n), 

so that the equating of coefficients is really the ordinary algebraical procedure 
of equating coefficients, but doing it n* times for each power of A. 



112 DETER^^NANTS ASSOCIATED WITH MATRICES 

Hence we have 

^"-1+...-f ^/ 

i^A{~B,-{-AB,)-^AB,} 

= 0. 

2.3. If Ai, Ag,.-, A„ are the latent roots of the matrix A^ so 

M-A/l = (-1)"(A-A,)(A-A2)...(A-A„) 

= (-l)"(A"+PiA'->+...+i,„), 

it follows that (Example 13, p. 81), 

M-Ai/)(^~A2/)...(^-A„ I) = = 0. 

It does not follow that any one of the matrices A—\,Ii8 the 
zero matrix. 


3. A theorem on determinants and latent roots 
3.1. Theorem 36. If g{t) is a polynomial in t, and A is a 
square matrix, then the determinant of the matrix g{A) is equal to 

tke product giXM\)-9[K). 

where Aj, Ag,..., A„ are the latent roots of A. 

Let ^(0 = c{t~t,)...{t-tj, 


BO that g{A) = c{A-tyI)...{A—t^I). 

Then, by Chapter VI, §10, 

\g(A)\ = c''\A-tJ\x ...x\A-t^l\ 


= c»n(\-«i)-n(\-u 

f“l r=.l 

= n g(\)- 

r«l 

The theorem also holds when g{A) is a rational function 
9 i{A)lg^{A) provided that g^iA) is non-singular. 

3.2. Further, let gi{A) and g 2 {A) be two polynomials in the 
matrix A, gf^A) being non-singular. Then the matrix 

hI-{g,{A)lg,{A)l 

{^9z{A)-gM))l9M)> 


that is 
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is a rational function of A with a non-singular denominator 
g^iA). Applying the theorem to this function we obtain, on 
writing gi{A)lg 2 {A) = g{A), 

r-l 

From this follows an important result: 

Theorem 36. Corollary. If Aj,..., A„ are the latent roots of 
the matrix A and g{A) ts of the form gi{A)lg 2 {A), where g^, g^ are 
polynomials and g^iA) is non-singular, the latent roots of the 
matrix g{A) are given by g{\). 


4. Equivalent matrices 

4.1. Elementary transformations of a matrix to stan¬ 
dard form. 

Definition 18. The elementary transformations of a 
matrix are 

(i) the interchange of two rows or columns, 

(ii) the multiplication of each element of a row {or column) by 
a constant other than zero, 

(iii) the addition to the dements of one row (or column) of a 
constant multiple of the dements of another row (or column). 


Let A be a matrix of rank r. Then, as we shall prove, it can 
be changed by elementary transformations into a matrix of the 

L 0 : 0 J 


where I denotes the unit matrix of order r and the zeros denote 
null matrices, in general rectangular. 

In the first place,f elementary transformations of type (i) 
replace A by a matrix such that the minor formed by the 
elements common to its first r rows and r columns is not equal 
to zero. Next, we can express any other row of A as a sum of 
multiples of these r rows; subtraction of these multiples of the 
r rows from the row in question will therefore give a row of 
zeros. These transformations, of type (iii), leave the rank of the 


47oa 


t The argument that foUowe is based on Chapter VIll, $ 3. 

Q 




114 DETERMINANTS ASSOCIATED WITH MATRICES 


matrix unaltered (cf. Examples IX, 1) and the matrix now 
before us is of the form 



where P denotes a matrix, of r rows and columns, such that 
|F| ^ 0, and the zeros denote null matrices. 

By working with columns where before we worked with rows, 
this can be transformed by elementary transformations, of type 

L'oVo'J 

Finally, suppose P is, in full, 





Then, again by elementary transformations of types (i) and 
(iii), P can be changed successively to 


Gi 0 0 

P2 Y2 


Pr 
0 


a 


0 p, 


Yr 

0 

0 


01 , 


Ki 


K. 




01 , 
0 

k'A 


LOr Pr c; 

and so, step by step, to a matrix having zeros in all places other 
than the principal diagonal and non-zerosf in that diagonal. 

A final series of elementary transformations, of type (ii), 
presents us with /, the unit matrix of order r. 

4.2. As Examples VII, 18—20, show, the transformatio ns 
envisaged in § 4.1 can be performed by pre- and post-multiplica¬ 
tion of A by non-singular matrices. Hence we have proved that 

t If o diagonal element were zero the rank of P would be less than r: all 
these transformations leave the rank unaltered. 
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when A is a matrix of rank r, there are non-singular matrices 


B and C such that 


BAc = i: 


n 


where denotes the unit matrix of order r bordered by null 
matrices. 


4.3. Definition 19. Two matrices are equivalent if it is 
possible to pass from one to the other by a chain of elementary 
transformations . 

If A^ and A^ are equivalent, they have the same rank and 
there are non-singular matrices Rj, B^, Q, such that 

B^A^C^ = /; = B^A^C^. 

From this it follows that 


A^ = Rf'52^2^2 

= LA^M, 


say, where L = non-singular, and M = Q Cj ‘ 

and is also non-singular. 

Accordingly, when two matrices are equivalent each can be 
obtained from the other through pre- and post-multiplication 
by non-singular matrices. 

Conversely, if A 2 is of rank r, L and M are non-singular 
matrices, and A^ = LA^M-, 

then, as we shall prove, we can pass from A 2 to .^ 1 , or from 
A^ to A^, by elementary transformations. Both A^ and A-^ are 
of rank r (Theorem 34). We can, as we saw in §4.1, pass from 
A 2 to Vj. by elementary transformations; we can pass from A^ 
to If by elementary transformations and so, by using the inverse 


operations, we can pass from to A^ by elementary trans¬ 
formations. Hence we can pass from A 2 io A^, or from A^io 
A 2 , by elementary transformations. 

4.4. The detailed study of equivalent matrices is of funda¬ 
mental importance in the more advanced theory. Here we 
have done no more than outline some of the immediate con¬ 
sequences of the definition.! 


t Tho reader who intonda to pursue the uubjoct soriouhly hIjouIcJ consult 
H. W. Turnbull and A. C. Aitken, An Introduction to the Theory of Canonical 
Matrices (London and Glasgow, 1932). 
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LINEAR AND QUADRATIC FORMS; 
INVARIANTS AND COVARIANTS 




CHAPTER X 


ALGEBRAIC FORMS: LINEAR TRANSFORMATIONS 

1. Number fields 

We recall the definition of a number field given in the pre¬ 
liminary note. 

Definition 1. A set of numbers, real or complex, is called 
a FIELD of numbers, or a number field, when, if r and s belong 
to the set and s is not zero, 

r-\-s, r—s, rxs, r^s 
also belong to the set. 

Typical examples of number fields are 

(i) the field of all rational real numbers (5, say); 

(ii) the field of all real numbers; 

(iii) the field of all numbers of the form a-\-b\'5, where a and 
b are rational real numbers; 

(iv) the field of all complex numbers. 

Every number field must contain each and every number 
that is contained in (example (i) above); it must contain 1, 
since it contains the quotient a/a, where a is any number of 
the set; it must contain 0, 2, and every integer, since it contains 
the difference 1 — 1, the sum 1 + 1, and so on; it must contain 
every fraction, since it contains the quotient of any one hiteger 
by another. 

2. Linear and quadratic forms 

2.1. Let 5 be any field of numbers and let 6 ,-^,... be deter¬ 
minate numbers of the field; that is, we suppose their values 
to be fixed. Let x^, y,.,... denote numbers that are not to be 
thought of as fixed, but as free to be any, arbitrary, numbers 
from a field neces.sarUy the same as g. The numbers 

a^j, bfj,... we call constants in 5; the symbols we call 

VARIABLES in 

An expression such as 

n 


( 1 ) 
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is said to be a linear form in the variables ; an expression 
such as ^ ^ 

( 2 ) 

is said to be a bilinear fork in the variables and an 
expression such as 

{aij = an) ( 3 ) 

is said to be a quadratic form in the variables x^, In each 
case, when we wish to stress the fact that the constants Oy 
belong to a certain held, 5 8®y> we refer to the form as one 
with coefficients in 5 . 

A form in which the variables are necessarily real numbers 
is said to be a *form in real variables*; one in which both 
coefficients and variables are necessarily real numbers is said 
to be a ‘real form*. 


2.2. It should be noticed that the term ‘quadratic form* is 

used of (3) only when This restriction of usage is 

dictated by experience, which shows that the consequent theory 
is more compact when such a restriction is imposed. 

The restriction is, however, more apparent than real: for an 
expression such as n n 

wlierein 6^^ is not always the same as is identical with the 
quadratic form „ „ 

when we define the a’s by means of the equations 

= ^it> = i{bij-\-bj(). 

For example, ar®-f 3xy-|-2y* is a quadratic form in the two 
variables x and y, having coefficients 

®11 1* ®22 “ 2, Ojj = fljj = 

2.3. Matrices associated with linear and quadratic 
forms. The symmetrical square matrix A = [a,J, having a^f 
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in its ith row and jth column, is associated with tlie quadratic 
form (3): it is symmetrical because = a^,, and so ^ = -4 , 
the transpose of A. 

In the sequel it will frequently be necessary to bear in mind 
that the matrix associated with any quadratic form is a sym¬ 
metrical matrix. 

We also associate with the bilinear form (2) the matrix [a.-J 
of ?n rows and n columns; and with the linear form (1) we 
associate the single-row matrix generally, 

we associate with the m linear forms 


n 

^ (l ^ 1,..., 7fl) 



the matrix [(7,-J of m rows and 7i columns. 


2.4. Notation. We denote the associated matrix of any 
one of (2), (3), or (4) by the single letter A. We may then 
conveniently abbreviate 


the bilinear form (2) to A{x,y), 
the quadratic form (3) to .4{a:,a), 
and the m linear forms (4) to Ax. 


The first two of these are merely shorthand notations; tlie third, 
though it also can be so regarded, is better envisaged as the 
product of the matrix^ by the matrix x. a single-co/w/aH matrix 
having x^,..., as elements: the matrix product Ax, which has 
as many rows as A and as many columns as x, is then a single- 
column matrix of tti rows having the tn linear forms as its 
elements. 


2.5. Matrix expressions for quadratic and bilinear 
forms. As in §2.4, let x denote a single-column matrix with 
elements then x', tlie transpose of x, is a single-row 

matrix with elements x^,..., x^. 

Let A denote the matrix of the quadratic form 2 
Then Ax is the single-column matrix ha^^ng 

as the element in its rth row, and x'Ax is a matrix of one row 

i7W 


a 
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(the number of rows of x') and one column (the number of 
columns of Ax), the single element being 

i ^A<^rl^l + - + arn^n) =11 a„X,X,. 

r=»l r-1 s=»l 

Thus the quadratic form is represented by the single-element 
matrix x'Ax. 

Similarly, when x and y are single-column matrices having 
Xi,..., Xn and yi,..., y„ as row elements, the bilinear form (2) is 
represented by the single-element matrix x'Ay. 

2.6. Definition 2. The discriminant of the quadratic form 

n n 

1 T Xi Xj (o„ = aji) 

X=l i=l 

is the determinant of its coefficients, namely |a^^|. 

3. Linear transformations 

3.1, The set of equations 

n 

= (i = l,..., n), (1) 

w'herein the a^^ are given constants and the Xj are variables, is 
said to be a linear transformation connecting the variables Xj and 
the variables When the a,y are constants in a given field 5 
we say that the transformation has coefficients in when the 
are real numbers we say that the transformation is real. 

Definition 3. The determinant \a^j\, whose elements are the 
coefficients a^j of the transformation (1), is called the modulus op 

THE transformation. 

Definition 4. A transformation is said to be non-singular 
when its modulus is not zero, and is said to be singular when 
its moduUis is zero. 

We sometimes speak of (1) as a transformation from the 
Xf to the ; or, briefly, x-^ X. 

3.2. The transformation (1) is most conveniently written as 

X — Ax, (2) 

a matrix equation in wliich X and x denote single-column 
matrices with elements Xj...., X,^ and Xj,..., respectively, 
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A denotes the matrix ( 0 , 7 )) denotes the product of the 

two matrices A and x. 

When ^ is a non-singular matrix, it has a reciprocal A~^ 
(Chap. VII, §3) and 

A‘^X = A-^Ax = 2 :, (3) 

which expresses x directly in terms of X. Also = A, 

and so, with a non-singular transformation, it is immaterial 
whether it be given in the form x -*■ X or in the form X x. 
Moreover, when X = Ax, given any X whatsoever, there is one 
and only one corresponding x, and it is given by x = A-~^X. 

When A is a singular matrix, there are A’ for which no corre¬ 
sponding X can be defined. For in such a case, r, the rank of 
the matrix A, is less than n, and we can select r rows of A and 
express every row as a sum of multiples of tliese rows (Theorem 
31). Thus, the rows being suitably numbered, (1) gives relations 

(A: = r-fl,..., n), (4) 

wherein the are constants, and so the set Aj,..., X,^ is limited 
to such sets as will satisfy (4): a set of X that does not satisfy 
(4) will give no corresponding set of x. For example, in the 
linear transformation 


A = 2x+3!/. y = 4a;-f6y. 


which has the singular matrix 



, the pair A", Y must satisfy 


the relation 2X — Y\ for any pair A, Y that does not satisfy 
this relation, there is no corre.sponding pair x, y. 


3.3. The product of two transformations. Let x, y, z be 

^numbers' (Chap. VI, §1), each with n components, and let all 
suffixes be understood to run from 1 to n. Use the summation 
convention. Then the transformation 


may be written as a matrix equation x 
transformation .. /, _ 


yf = b 

ma" be written as a matrix equation y = 


(1) 

= Ay (§ 3.2), and tJio 

( 2 ) 

Jiz. 
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If in (1) we substitute for y in terms of z, we obtain 

frjfc Zk, (3) 

which is a transformation whose matrix is the product AB 
(compare Chap. VI, §4). Thus the result of two successive 
transformations z ^ Ay and y ^ Bz may be written as 

z — ABz. 

Since .AR is the product of the two matrices, we adopt a 
similar nomenclature for the transformations themselves. 

Definition 5. The transformation z = ABz is called the 

PRODUCT OP THE TWO TRANSFORMATIONS X = Ay, y = Bz. [It 

is the result of the successive transformations x = Ay, y = Bz.] 

The modulus of the transformation (3) is the determinant 
that is, the product of the two determinants 1^41 and 
|.5|. Similarly, if we have three transformations in succession, 

x = Ay, y-^Bz, z= C%, 

the resulting transformation is a: = ABCu and the modulus of 
this transformation is the product of the three moduli \A\, |R), 
and [Cl; and so for any finite number of transformations. 

4. Transformations of quadratic and bilinear forms 
4.1. Consider a given transformation 

n 

= 2 ^ik^k = l| --> (1) 

Af * 2 

and a given quadratic form 

K = «/i)- (2) 

When we substitute in (2) the values of ari,..., a:„ given by (1), 
we obtain a quadratic expression in X„. This quadratic 

expression is said to be a transformation of (2) by (1), or the 
result of applying (1) to the form (2). 

Theorem 37. If a trayisformation z = BX is applied to a 
quadratic form A{x,x), the result is a quadratic form C{X,X) 
whose matrix C is given by 

0 = B'AB, 

where B' is the transpose of B. 
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First proof —a proof that depends entirely on matrix theory. 
The form A{x,x) is given by the matrix product x'Ax (com¬ 
pare § 2.5). By hypothesis, x = BX, and this implies x' = X’B’ 
(Theorem 23). Hence, by the associative law of multiplication, 

x‘Ax == X'B'ABX 

= X'CX, (3) 

where C denotes the matrix B'AB. 

Moreover, (3) is not merely a quadratic expression in 

. but is, in fact, a quadratic form having c,y = Cy^. 

To prove this we observe that, when C = B'AB, 

C ~ B'A'B (Theorem 23, Corollary’) 

= B'AB (since A = A') 

that is to say, c,-y = Cy^. 

Second proof —a proof that depends mainly on the use of the 
summation convention. 

Let all suffixes run from 1 to n and use the summation con¬ 
vention througliout. Then tlie quadratic form is 


(0.7 = 0;i)- 

(4) 

The transformation 

— ^ik^k 

(5) 

expresses (4) in the form 




^k^l- 

(6) 

We may calculate the 

values of the c’s 

by carrying out the 


actual substitutions for the x in terms of the X. We have 

a^yX^Xy = a^^b^flXl^b^lXl 

80 that Cf^i = b^l^a^^b^^ = 

where bj^i = is the element in the ^th row and ith 
column of D'. Hence the matrix C of (G) is equal to the 
matrix product B'AB. 

Moreover, for, since a,y = Oy^, we have 

^kl — ^ik^a^n ~ ^Ik^ji^ih 
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and, since both i and j are dummies, 

^ik = ^jk ^ij 

which is the same sum as or c^j^. Thus (6) is a quadratic 

form, having Cy = 

4.2. Theorem 38. If transformations x = CX, y = BY are 
applied to a bilinear form A(x,y), the result is a bilinear form 
D{X, Y) whose matrix D is given by 

D = C'AB, 

where C‘ is the transpose of C. 

First proof. As in the first proof of Theorem 37, we write 
the bilinear form as a matrix product, namely x'Ay. It follows 
at once, since x' = X'C\ that 

x'Ay = X'CABY = X’DY, 
where D = CAB. 

4.3. Second proof. This proof is given chiefly to show how 
much detail is avoided by the use of matrices: it will also serve 
as a proof in the most elementary form obtainable. 

The bilinear form 

( 1 ) 

may be written as 

m n 

A{Xfy) = If = ^afjyj. 

Transform the y’s by putting 


so that 


and 


f>ik^k U = w), 

A: = l 


( 2 ) 


The matrix of this bilinear form in x and Y has for its element 
in the ith row and Ath column 


2 ^a^jk* 

This matrix is therefore AB, where A is [a^J and B is [6fJ. 
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V 


Again, transform the x’s in (1) by putting 

m 

Xf — 2 (t — !>•••> (3) 

k^l 

and leave the y^s unchanged. Then 

m n 

n m m 

= Ivjl °ii 2 ‘^ik^k 

i = l i«l A: = l 


TTi n / m \ 


m 


The sum Y is the inner product of the itli row of 


11 


i-Cin, 


by the^'th column of 


a 


11 


L^ml 


Now (5) is the transpose of 


ml 


. C 


mm-* 


a 


1/1 


• « 


a 


mn-* 


n 


»-^ml 


C 


. C 


Im 


mm-i 


(4) 


(5) 


(6) 


that is, of C, the matrix of the transformation (3), wliUe (6) is 
the matrix A of the bilinear form (1). Hence the matrix of the 
bilinear form (4) is C'A. 

The theorem follows on applying tlie two transformations in 
succession. 


4.4. The discriminant of a quadratic form. 

Theorem 39. Let a quadratic form 

i = (1) 

<-i /•‘i 

be transformed by a linear tranaforination 

= Y hk^k (* = ”) 

k^l 
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whose modulus, that is, the determinant is equal to M; let 
the resulting quadratic form be 


( 2 ) 


Then the discriminant of (2) is times the discriminant of (1); 


in symbols 


\Cij\ = 



The content of this theorem is usefully abbreviated to the 
statement ‘^VHEN a quadratic form is changed to new 

VARIABLES, THE DISCRIMINANT IS MULTIPLIED BY THE SQUARE 
OF THE MODULUS OF THE TRANSFORMATION*. 

The result is an immediate corollary of Theorem 37. By that 
theorem, the matrix of the form (2) is C = L'AL, where L is 
the matrix of the transformation. The discriminant of (2), that 
is, the determinant \C\, is given (Chap. VI, § 10) by the product 
of the three determinants \V\, \A\, and \L\. 

But \L\ — M, and since the value of a determinant is 
unaltered when rows and columns are interchanged, \U\ is 
also equal to M. Hence 




This theorem is of fundamental importance; it will be used 
many times in the chapters that follow. 


5. Hermitian forms 

5.1. In its most common interpretation a hermitian bi¬ 
linear FORM is given by 

.1 ( 1 ) 

wherein the coefficients a^j belong to the field of complex num¬ 
bers and are such that 

The bar denotes, as in the theory of the complex variable, the 
conjugate complex; that is, if z = a+i^, where a and are real, 
then 2 — a—ip. 
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The matrix A of the coefficients of the form (1) satisfies the 
condition ^ (2) 

Any matrix A that satisfies (2) is said to be a hekmitian 

MATEIX. 

5.2. A form such as 

i («y. = «y) 

2=1 

is said to be a hermitian form* 

The theory of these forms is very similar to that of ordinary 
bilinear and quadratic forms. Theorems concerning Hermitian 
forms appear as examples at the end of this and later chapters. 

6. Cogredient and contragredient sets 

6.1. When two sets of variables Xj,..., x„ and yi,..., y„ are 
related to two other sets Xj,..., and yi,..., by the same 
transformation, say 

x=^AX, y = Ay, 

then the two sets x and y (equally, X and Y) are said to be 
cogredient sets of variables. 

If a set z„ is related to a set Zj,..., by a transforma¬ 
tion whose matrix is the reciprocal of the transpose of A, that is, 

2 = or Z = A'z, 

then the sets x and z (equally, X and Z) are said to be contra- 
gredient sets of variables. 

Examples of cogredient sets readily occur. A transformation 
in plane analytical geometry from one triangle of reference to 
another is of the type 

X = ZiX+mj y-f-nj Z, 

z = l^X’^m^Y-{''^3^- 

The sets of variables (ari.yi.Zi) and ( 2 r 2 ,y 2 ,Z 2 ), regarded as the 
coordinates of two distinct points, are cogredient sets: the 
coordinates of the two points referred to the new triangle 
of reference are (A,, F,, Z,) and (Aj, Y^, Zj), and each is 
obtained by putting in the appropriate suffix in the equa¬ 
tions (1). 

4704 8 
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Analytical geometry also furnishes an important example of 
contragredient sets. Let 


lx-\-my-\-nz — 0 (2) 

be regarded as the equation of a given line a in a system of 
homogeneous point-coordinates {x, y, z) with respect to a given 
triangle of reference. Then the line (tangential) coordinates of 
a are (/, m, n). Take a new triangle of reference and suppose 
that (1) is the transformation for the point-coordinates. Then 


(2) becomes 
where 


LX+MY+NZ = 0, 
L — 

M = 

N = Wi/d-WgW-f tign. 



The matrix of the coefficients of I, 7n, n in (3) is the transpose 
of the niatrLx of the coefficients of A', T. ^ in (1). Hence point- 
coordinates (r. y, z) and line-coordinates {/, m, n) are contra¬ 
gredient variables when the triangle of reference is changed. 
[Notice that (1) is X, Y, Z->x, y, z whilst (3) is I, m, n->- 
L, M, X.] 

Ihe notation of the foregoing becomes more compact when 
ve consider n dimensions, a point x with coordinates (xj,..., x„), 
and a Hat / with coordinates (/j,..., l„). The transformation 
^ <^f the point-coordinates entails the transformation 

L ==■ A'I of the tangential coordinates. 


6.2. Another example of contragredient sets, one that con¬ 
tains the previous example as a particular case, is provided by 
differential operators. I.<et be expressed as a func¬ 

tion of A'l,..., by means of the transformation x = AX, 
where A denotes the matrix [a^^]. Then 



'cx^ ^ 
2^ ex. dXi ~ 2 , 

;-i f 



That is to say, in matrix form, if x = AX, 


ex 



Accordingly, the x^ and the c^/^x^form contragredient sets. 



ALGEBRAIC FORMS: LINEAR TRANSFORMATIONS 131 


7. The characteristic equation of a transformation 
7.1. Consider the transformation X = Ax or, in full, 

n 

= (f = i,(1) 

>=i 

Is it possible to assign values to the v'ariables z so tliat 
Xf = Xz^ {i — 1,..., 7 i), where A is independent of i'f If such 
a result is to hold, we must have 

n 

Aar,. (* = 1,-, «), (2) 

and this demands (Theorem 11 ), when one of . .r„ differs 

from zero, that A be a root of the equation 


A(A) = flu—A 

®12 

^in ! = 0. 


®21 

4 

1 

0 


(3) 


a„2 




This equation is called the charactkristic equation of the 
transformation ( 1 ); any root of the equation is called a charac¬ 
teristic NU.MBER or a LATENT ROOT of tlie transformation. 

If A is a characteristic number, there is a set of nunil)crs 
a:„, not all zero (Theorem 11), that satisfy equations (:’). 
Let A = Aj, a characteristic nuinbei-. If tlic determinant .IfA,) 
is of rank (« — 1 ), there is a unique corresponding set of ratios, 


say 


^.(1) . .j.U) . • ,(1> 

•*1 m ) 


that satisfies (2). If the rank of the determinant ^IfAJ is « —2 
or less, the set of ratios is not unique (C'iiap. VIII, §5). 

A set of ratios that satisfies (2) when A is equal to a charac¬ 
teristic number A,., is called a pole corresponding to A,.. 

7.2. If (x,,.T^,.r 3 ) and (X,, A'.^. ^ 3 ) are homogeneous co¬ 
ordinates referred to a given triangle of reference in a i)lane, 
then ( 1 ), with |^ll 7 ^ 0 , may i>e reganled as a method of 
generating a one-to-one correspondence between the variable 
point (Xj,ar 2 ,ar 3 ) and the variable ])oint {X^. X.,, Xj). A pole 
of the transformation is then a j)oint which eorrespoiuls to 
itself. 
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We shall not elaborate the geometrical implicationaf of such 
transformations; a few examples are given on the next page. 

Examples X 

!• Prove that all numbers of the form a-|-6>/3, where o and 6 are 
integers (or zero), constitute a ring; and that all numbers of the form 
0 +6V3, where a and 6 are the ratios of integers (or zero) constitute a 
field. 

2. Express ax*-\'2hxy-\-by* as a quadratic form (in accordance with 
the definition of § 2.1) and show that its discriminant is ab—h* (§ 2.6). 

3. Write down the transformation which is the product of the two 
transformations 

y = , 7} = X^X^fi^Y+v^Z . 

2 = i C = , 

4. Prove that, in solid geometry, if 1|, h, kj and 1,, jj, kj are two xinit 
frames of reference for cartesian coordinates and if, for r = 1,2, 

If A j, = k,, j, A k, = L. k, A i, = 

then the transformation of coordinates has unit modulus. 

[Omit if the vector notation is not known.] 

6. Verify Tlieorem 37, when the original quadratic form is 

ax*-^2hxy-{-by* 

and the transformation is x = li-Y+miF. y = l^X+m^Y, by actual 
substitution on the one hand and the evaluation of the matrix product 
( B'A B of the theorem) on the other. 

6. Verify Theorem 38, by the method of Example 5, when the 
bilinear form is 

On *1 Vi + flu Xi t/j -f Oji X, y, + a„ x, y,. 

7. The homogeneous coordinates of the points D, E, F referred to 
ABC as triangle of reference are (a:j,y,.z,), (x,.y„z,). and (x^.y,,*,). 
Prove that, if (i,m,n> are line-coordinates referred to ABC and 
(L, M,N) are line-coordinates referred to DEF, then 

= A'lL-fXjAf+XaN, etc., 

whore A is the determinant {xi y^z^l and X,,... are the co-factors of 
in 

Hint. First obtain the transformation x,y,z->- X, Y, Z and then 
use § 6.1. 

t Cf. R. M. Winger, An lntroducii<m to Projective Geometry (New York, 
1922), or, for homogeneous coordinates in throe dimensions, G. Darboux, 
Pnneipea de giomitrie analytiqw (Gauthier-Viliars, Paris, 1917), 
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8 . In the transformation X = Ax, ncnv variables 1" au<i ij, dc-lint d by 

y = Bx. Y = BX (|B| ^ 0), 

are introduced. Provo that the transformation is given by 

Y = Cy, whore C = BAB-^. 

9. The transfornmtions x = BX, y = BY change the Hermitinnt 

A' = A) into Cjy Prove that 

C = B'AB, C = B'A'B = r. 

10. Prove that the_transformation x = BX, together witli its conju¬ 
gate complex X = RA^.changeso^yXjX; (A' = A) into CijXfXj (C' = C). 
where C = B'AB. 

11. The elements of the matrices A and B belong to a given field 5 . 
Prove that, if the quadratic form A{x,x) is transformed by the non- 
singular transformation x = BX (or by A = Bx) into C(-Y,-Y), then 
every coefficient of C belongs to 5- 

12. Prove that, if each x, denotes a complex variable and o,, are com¬ 
plex numbers such that o„ = d„(r = n; a = 1.«), the Hermitinn 

form OfgXfX, is a real number. 

[Examples 13-16 are geometrical in diaracler.) 

13. Prove that, if the points in a plane are transformed by the 
scheme 

x'= a,x-f-fc,y + C|Z, y'= a|X-l-6,y-|-c,z, 

z' = OsX-f 6jy + c,2. 

then every straight line transforms into a straiglit line. Prove also timt 
there are in general three points that are tran.sformed into themselves 
and three lines that are transformed into themselves. 

Find the conditions to be .satisfied by the coefficients in order that 
every point on a given line may bo transformed into itself. 

14. Show that tlic tran.sformation of Example 13 can, in general, by a 
change of triangle of reference be reduced to the form 

X' = aX, Y' = pr. Z' = yZ. 

Hence, or otherwise, show that the transformation i.s a homology (plane 
perspective, collineation) if a value of A can be found which will make 

a,—A b, c, 
a, A c, 

. . *9 <^9 -A 

of rank one. 

Hint. When the determinant is of rank one there is a line I such that 
every point of it corresponds to itself. In such a case any two correspond¬ 
ing lines must intcntect on 1. 

t Tlie summation convention is employed in Examples 0, 10, and 12. 
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15. Obtain the equations giving, in two dimensions, the homology 
(collineation, plane perspective) in which the point (x[^y{,z[) is the 
centre and the line (ZJ, /') the axis of the homology. 

16. Points in a plane are transformed by the scheme 

X* = /)r+a(A2:+/iy+vz), 

y' = py+^O^+p-y+vz), 

z' = pz+y{Xx-i-fiy+vz). 

Find the points and lines that are transformed into themselves. 

Show also that the transformation is involutory (i.e. two applications 
of it restore a figure to its original position) if and only if 

2p+aA-}-j8/i+yv = 0. 

[Remember that (kx\ ky', kz') is the same point as {x\y\z').] 
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THE POSITIVE-DEFINITE FORM 

1. Definite real forms 
1.1. Definition G. The real quadratic fomi 

n n 

.2 (%■ == 

is said to be positive-definite if it is positive for evert/ set of 
real values of x,^ other than the set x^ = x^ — ... = = 0. 

It is said to be negative-definite if it is negative for every set 
of real values of x^,..., x^ other than Xj — x^ = ... = r„ = 0. 

For example, 3 xf-|- 2 x 5 is positive-definite, while S.iJ—2x| is 
not positive-definite; the fir.st is positive for every pair of real 
values of and Xg except the pair Xj = 0, Xg = 0; the second 
is positive when Xj = Xj = 1, but it is negative when X| = 1 
and Xg = 2, and is zero when x, — V2 and Xo = \'3. 

An example of a real form that can never be negative but 
is not positive-definite, according to the definition, is given by 

(3xi— 2 x 2)2 

This quadratic form i.s zero when Xj — 2, x^ — 3, and X 3 = 0 , 
and so it does not come within the scope of Definition 6 . The 
point of excluding such a form from the definition is that, 
whereas it appears as a function of three variables, Xj, .Tg, x^, 
it is essentially a function of two variables, namely. 


X| = 3xj — 2 X 3 , X 2 — 

A po.sitivc-definite form in one set of variables is still a 
positive-definite form wiien expres.sed in a new .set of variables, 
provided only that the two sets are connected by a real non¬ 
singular transformation. This we now prove. 

Theohkm 40. A real positive-definite form in the n variables 

. is a positive-definite form in the n variables -Yj,..., JY„ 

provided that the two sets of variables are connected by a real, 
non-.siiiijubir Iransfurtnation. 

Let the positive-definite form be R(x,x), and let the real 
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non-singular transformation be X = Ax. Then x — A ^X. Let 
B{x, x) become CiX, X) when expressed in terms of X. 

Since B{x, x) is positive-definite, C(X, X) is positive for every 
X save that which corresponds to a: = 0. But X = Ax, where 
^ is a non-singular matrix, and so X = 0 if and only if a: = 0. 
Hence C(X,X) is positive for every X other than X = 0. 

Note. Tlie equation x = 0 is a matrix equation, x being a single¬ 
column matrix whose elements are 


1.2. The most obvious type of positive-definite form in n 
variables is {a„ > 0). 

We now show that every positive-definite form in n variables 
is a transformation of this obvious type. 


Theorem 41. Every real positive-definite form, B{x, x), can be 
transformed by a real transformation of unit modulus into a form 

CiiXfTi-... + Cn„ XJ 


wherein each c„ is positive. 

The manipulations that follow are typical of others that occur 
in later work. Here we give them in detail; later we shall refer 
back to this section and omit as many of the details as clarity 
permits. 

Let the given positive-definite form be 


B{x,x) = 2 1 

i-i f^i 

r«l r<$ 

The terras of (1) that involve 2*1 are 

6iia;5-f 26i2a;ia:2-i-...+26i„a:ia:„. ■ (2) 

Moreover, since (1) is positive-definite, it is positive when ajj = 1 
and X 2 = ... = = 0; hence 6^ > 0. Accordingly, the terms 

(2) may be written as^ 


t It is essential to this step that bn is not zero. 
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and so, if 

h b, ^ 


^11 °ii r 

(3) 


A% = (r = 2 ,..., n), J 


we have 




B{XyX) = 6 ,iXfH-a quadratic form in X„ 


= b,,Xl\-f (4) 

r = 2 «®2 


say. 

The transformation (3) is non-singular, tlie determinant of 
the transformation being 

0 1 . . 0 

0 0 .. 1 

Hence (Theorem 40) the form (4) in X is positive-definite and 
^22 > ® X 2 = 1 , X, = 0 when r ^ 2 ). 

Working as before, we have 


B(x,x) = 


,+^x,+...+ 

H 22 


^22 


”) 


Xj + 


-}- a quadratic form in Xg,..., X„. 


Ivct this quadratic form in X 3 ,..., X„ be 2] 2 then, on 

writing 


Yi = ^i> 

Y,= X^+^X^+... + ^X 

P22 P22 

}; = X,. (r = 3,..., n), 



wc h&vc 

B(X.a;)=6„y! + feyi+i ivral'ri'.- (6) 

r»3 a»3 


The transformation (5) is of unit modulus and so, by Theorem 
40 applied to the form (4), form ( 6 ) is positive-definite and 

733 > 0 (put F 3 = 1, y,. = 0 when r ^ 3). 

Working a.s before, we obtain as our next form 

^11 ^‘i+^ 22 ^ 2 -by 33 ^ 3 +quadratic form in 2„. (7) 

wherein b^, ^ 22 . 733 are positive. As a preparation for the next 

47M X 
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step, the coefficient of Z\ can be shown to be positive by proving 
that (7) is a positive-definite form. Moreover, we have 

Z^ = Y, = X, = + W. 

^11 

Zi = Y^ = x,+^X3+...+^x„, 

Piz P 22 

733 733 

z, = 7, = X,. = X, (r > 3). 

Proceeding step by step in this way, we finaUy obtain 

B{x,x) = 6ii^iH-ft2^1+733^+- + «^n»fn» (8) 


wherein are positive, and 


11 = Xi + ^Xi+...+ ^X„, 

Oil 

fj= x^+... + ^x„, ■ 

P 22 




We have thus transformed B{x,x) into (8), which is of the 
form required by the theorem; moreover, the transformation 
a; ^ is (9), which is of unit modulus. 


2. Necessary and sufficient conditions for a positive- 
definite form 

2.1. Theorem 42. A set of necessary and sufficient conditions 
that the real quadratic form 


i i (“« 

1 -1i=l 


= a,,) 


( 1 ) 


be positive-definite is 


flu > 0, i 

1 

Oil Ol2 

>0. 

1 

Oil 

• Oln 

1 

1 

O 2 I ^22 



• « 






Onl • 

• ®nn 


> 0. 
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If the form is positive-definite, then, as in §1.2, there is a 
transformation 




a 


11 


a 


^ny 


11 




X 2“f“ ^ 


^22 






n 




of unit modulus, whereby the form is transformed into 

and in this form a^, /? 22 .*<nu positive. The discriminant 

of the form (2) is 011^22 • ^»rr Hence, by Theorem 39, 


a 


a 


11 


nl 


a 


a 


In 


II n 


— ^22 ••• 


and so is positive. 

Now consider (1) when x„ = 0. By tlie previous argument 
applied to a form in the n—1 variables a.*!,..., 

— ^np 22 ••• n — \ terms 


«ll 



^l.n-1 

• • 

'/i-1,1 


4 

^ri-l,7i -1 


and so is positive. 

Similarly, on putting = 0 and x„_, = 0, 

= Ojj ^22 • • ^2 terms, 


a 


n 


a 


l.n-2 


a 


n-2.l 


. ® n - 2.«-2 


and 80 on. Hence the given set of conditions is necessary. 

Conversely, if the set of conditions holds, then, in tlie first 
place, a^^ > 0 and we may write, as in § 1.2, 


A(x,x) = 4 -^X 2 4-a:,,] + 

\ ^ii / 


4 - a quadratic form in Xg,..., x„ 

— aii.Xj4-^22-^i+"' + ^«n'^n + 2^23-^2-^3+”-' (3) 




140 


THE POSITIVE-DEFINITE FORM 


say, where 


, , ®ln 


^l = ^l + ^^2+- + 


a 


a. 


’n> 


U “^11 

Xjt = Xf, {k > 1). 

Before we can proceed we must prove that ^22 positive. 
Consider the form and transformation when a:* = 0 for k > 2. 
The discriminant of the form (3) is then Ou p 22 > modulus 
of the transformation is unity, and the discriminant of 


"I" X 2 + ^22 ^ 


is Cn a 22 ~°i 2 ' Hence, by Theorem 39 applied to a form in the 
two variables Xj and Xg only, 


^np22 ~~ ^n^22~^12^ 

and so is positive by hypothesis. Hence P 22 positive, and we 
may write (3) as 


auy ;+/322 y|+ a quadratic form in ^ 3 ,..., Y„, 


where 


>1 = ^1. 
i; = x,+ 


^23 Vi I ^2n V 
^• • • i"-A 

P 22 P 22 


> 2 ). 

Tliat is, we may write 

.d(x,x) = fljj} J-ffe) 2 +y 33 y§+...H- 2 y 34 y 3 y 4 +..., (4) 

where 0 ^ and ^22 positive. 

Consider tlie forms (3), (4) and the transformation from X to 
y when = 0 for k > 3. The discriminant of (4) is flu ^22 Fas* 
the modulus of the transformation is unity, and the discri¬ 
minant of (3) is 

“12 “13 » 

^21 ^22 ®23 (^) 

(Zao 


wliicli is positive by hypothesis. Hence, by Theorem 39 applied 
to a form in the three variables Xj, Xg, Xg only, the product 
®ii ^22 Y 33 equal to the determinant (5), and so is positive. 
Accordingly, yjg is positive. 

We may proceed thus, step by step, to the result that, when 
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the set of conditions is satisfied, wc may write A{x,x) in the 


form 

wherein Ou, 



flu + 

■ ~b^nn 

XI 

• » « ) 

K„n are positive 

and 

A 


= x, + ^x^+. 
”11 

1 ^in 



= • 

A A * « • 

i^2n 

fe 

$ » 

x„, 

9 

9 

x„ 

^ ^ ^ • 






The form (6) is positive-definite in Xj,..., X„ and, since the 
transformation (7) is non-singular. A{x,x) is positive-definite in 
(Theorem 40). 


2.2. We have considered the variables in the order x^, x.^...., 
and we have begun with Ojj. We might have considered the 
variables in the order Xj and begun with We 

should then have obtained a different set of necessary and 
sufficient conditions, namely, 



> 0 , 




> 0 . 


Equally, any permutation of the order of the variables will 
give rise to a set of necessary and sufficient conditions. 

2.3. The form A{x,x) is negative-definite if the form 
{— A{x,x)} is positive-definite. Accordingly, tlie form A(x,x) 
is negative-definite if and only if 



C 0, 

a,j t/i2 

> 0. 

On 

^12 

^13 


1 

^21 ^22 


a.„ 

^22 

«23 





^31 

«a2 

O33 


Examples XI 

I. Prov<* that each of tlu* (niadratic forms 

(i) 0x=-i-3.V4-ll=*-i-34y:, 

(ii) 49//M-0»2*-»2»/2-|-20cx-4xy 
in positive-dotinito. but that 

(iii) 4x® 4 -9*/*-h 2z*-f -f-Ozx + 6x</ 
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2. Prove that if 

^=11 {a„ = a„) 

r-1t-l 

is a positive-defifiite form^ then 

0,1 F = (a,ia:, + aiBX,+a,3Xa)* + if(r,,X3), 

where iC is a positive-definite form in x,, Xj whose discriminant is o,, 
times the discriminant of F. 

Hint. Use the transformation X, = OuXj-l-ajjXj+aiaXj, X| = Xj, 
-Y3 = Xj and Theorem 39. 

3. Prove that the discriminant of the quadratic form in x, y, z 

F = (aiXH-6iy+Ci2)* + (aaa:+6jy+c,s)* 

is the square (by rows) of a determinant whose columns are 

03,63,03; 0,0,0. 

4. Extension of Example 3. Prove that a sum of squares of r distinct 
linear forms in n variables is a quadratic form in n variables of zero 
discriminant whenever r < n. 

5. Harder. Prove also that the rank of such a discriminant is, in 
general, equal to r: and that the exception to the general rule arises 
wlien the r distinct forms are not linearly independent. 

6. Prove that the discriminant of 

n / n \2 

^ = i 

is not zero unless the forms 

n 

2 ^$T^$ “ l,...,7i) 

i-j 

are linearly dependent. 

Hint. Compare Examples 3 and 4. 

7. Prove that the discriminant of the quadratic form 

2;(x,.-x,)» (r,a = l,...,n) 
rts 

is of rank n — 1. 

8. If/(x,.x„) is a function of n variables, f^ denotes dfjdXi, and 

denotes c^fldXic'Xj evaluated at x,. = a, (r = l,...,n), prove that/ has a 
minimum at x^ = a, provided that ® positive-definite 

form and each /( is zero. Write down conditions that f{x,y) may be a 
minimum at the point x = a, y = ^. 

9. By Example 12, p. 133, a Hermitian form has a real value for every 
set of values of the variables. It is said to bo positive-definite when 
this value is positive for everj' set of values of the variables other than 
x, =...= x„ = 0. Prove Theorem 40 for a positive-definite Hermitian 
form and any non-singular transformation. 
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10. Prove that a positive-definite Hermitian form can be transformed 
by a transformation of unit modulus into a form 

Cjj -j-... *1- Xfi 

wherein each c,, is positive. 

Hint. Compare the proof of Theorem 41 . 

11. The determinant \A \ = is called the discriminant of tlie 

Hermitian form 2 R<*niembering that a Hermitian form is 

characterized by the matrix equation A' = A, it follows, by considering 
the determinant equation 

1^1= \A'\= \A\, 
that the discriminant is real. 

Provo the analogue of Theorem 42 for Hermitian forms. 

12. Prove, by analogy with Example 3, that the discriminant of the 

Hermitian form ^ = A'X+F F, 

where X = Y = + + 

is zero. 

Obtain the corresponding analog\»cs of Examples 4, 5, and 6. 



CHAPTER XII 


THE CHARACTERISTIC EQUATION AND 

CANONICAL FORMS 

1. The A equation of two quadratic forms 

1.1. We have seen that tl)e discriminant of a quadratic form 
A{x,x) is multiplied by when the variables x are changed 
to variables X by a transformation of modulus M (Theorem 39). 

If A(x,x) and C(x,x) are any two distinct quadratic forms 
in n variables and A is an arbitrary parameter, the discriminant 
of the form A(x,.t) —AC(x,x) is likewise multiplied by when 
the variables are submitted to a transformation of modulus M. 
Hence, if a transformation 

i=i 

changes J,a,gX,x^, into ^y,,X^Xg, then 


.1/2 

^^11 • • ^1/1 


“ll—Vll • • <^ln—^yin 

1 

1 



• • ^nn ^Yftn 


The equation \A —AC| = 0, or, in full, 

Oil Acii . . Acj,, = 0, 

is called the A equation* of the two forms. 

What we have said above may be summarized in the theorem: 
Theorem 43. The roots of the A equation of any two quadratic 
forms in n variables are unaltered by a non-singular linear trans¬ 
formation. 

The coefficient of each power X' (r = 0, 1,..., n) is multiplied 
by the square of the modulus of the transformation, 

1.2. The A equation of A (x,x) and the formxf+...+^Sis called 

THE CHARACTERISTIC EQUATION of A. In full, the equation is 


Oii-A 

«12 





^22 ^ 


♦ 

^2n 

♦ ♦ 

«nl 

«n 2 



♦ # 

^nn ^ 
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The roots of this equation are called the latent roots of the 
matrix A. The equation itself may be denoted by \A—XI\ = 0, 
where 7 is the unit matrix of order n. 

The term independent of A is the determinant so that 

the characteristic equation has no zero root when ^ 0. 
When = 0, so that the rank of the matrix [a,*.] is r < w, 
there is at least one zero latent root; as we shall prove later, 
there are then n—r zero roots. 

2. The reality of the latent roots 

2.1. Theorem 44. If is the matrix of a positive-definite 
form C{x,x) and [ 0 ^^] is any symmetrical matrix with real ele¬ 
ments, all the roots of the A equation 


ttll — 

Cii A 

^12 ^12^ 

• 

♦ 

«ln 

-e.; A 

= 0 


C 21 A 

CIq4^ ^ 

• 


^2n 

Cjn A 

1 

• 

• • 

c„iA 

• • • 

a„2 ^ 

« 

• 

9 

4 

u 

9 9 

n ^ 



are real. 

Let A be any root of the equation. Then the determinant 
vanishes and (Theorem 11) there are numbers 2,, not 

all zero, such that 

i = 0 (r = 1 ,.... «); 

that is, A ^ Z^ =■ ^ a^^Z^ (r = l,...,n). (1) 

Multiply each equation (1) by Z^, the conjugate complexf of 
Z^, and add the results. If Z, = X,. + iT,., where and are 
real, we obtain terms of two distinct types, namely, 

z,z, = (X,+tT,)(X,-zX) = xp+y?, 

= (X,+iy,)(X,-tT,)+(X,-ty,)(X,+iyj 

= 2(x,x.+y.y.). 

t WiwiiZ = X + tY.Z = X-iY;i = V(-l), Xand y real. 

U 


4704 
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Hence the result of the operation is 

Af i c„(ZHy?)+2 i c„(z,x,+r,r,)) 

'r-l r<s ' 

= (ia„(Z?+y?)+2 i a„(x,x,+r,r.)). 

'r = l r<3 • 

or, on using an obvious notation, 

X{C{X,X)+C{Y,Y)} = A{X,X)-\-A{Y,Y). (2) 

Since, by hypothesis, C{x, z) is positive-definite and since the 
numbers (r = 1. n) are not all zero, the coeffi¬ 

cient of A in equation (2) is positive. Moreover, since each 
is real, the right-hand side of (2) is real and hence A must be real. 

Note. If the coeflRcient of A in (2) were zero, then (2) would tell us 
nothing about the reality of A. It is to preclude this that we require 
(7(a*, x) to be positive-definite. 

Corollary. If both A{x,x) and C{x,x) are positive-definite 
forms, every root of ike given equation is positive. 

2.2. When c,.,. = 1 and c„ — {^ {r s), the form C{z,z) is 
- and is positive-definite. Thus Theorem 44 con¬ 

tains, as a special case, the following theorem, one that has 
a variety of applications in different parts of mathematics. 

Theorem 45. When symmetrical matrix with real 

elements, every root A of the equation \A—X1\ — 0, that is, of 


Oii-A 

«21 

®12 

Q 22 ^ 

^In 

^2n 

o 

II 

= a*-). 

• % 

am 

• • • 

an2 

^ • 

• ^nn ^ 

1 



is real. 

When [a,^.] is the matrix of a positive-definite form, every root 
is positive. 

3. Canonical forms 

3.1. In this section we prove that, if .^4 = [a^^.] is a square 
matri.x of order n and rank r, then there is a non-singular 
transformation from variables x^,..., x„ to variables X^,..., X^ 
that changes A{x,x) into 


( 3 ) 
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where are distinct from zero. We show, further, that 

if the are elements in a particular field F (such as the field 
of real numbers), then so are the coefficients of the transforma¬ 
tion and the resulting g^^. We call (3) a canonical form. 

The first step in the proof is to show that any given quadratic 
form can be transformed into one whose coefficient of x\ is not 
zero. This is done in §§3.2 and 3.3. 

3.2. Elementary transformations. We shall have occa¬ 
sion to use two particular types of transformation. 

Type I. The transformation 

is non-singular; its modulus is —1, as is seen by writing the 
determinant in full and interchanging the first and rth columns. 
Moreover, each coefficient of the transformation is either 1 or 0, 
and so belongs to every field of numbers F. 

If in the quadratic form ^ ^ numbers 

Oji is not zero, then cither ^ 0 or a suitable trans¬ 
formation of type I will change the quadratic form into 

1 J, wherein # 0. 

If, in tlie quadratic form ^ 2 numbers ajj,..., 

are zero, but one number (r ^ n) is not zero, then a 
suitable transformation of type I w'ill change the form into 

2 2 wherciii every b„ is zero but one of tlie numbers 

^ 12 *'*'^ ^ 1 /i not zero. 

Type II. The transformation in n variables 

x'l = Xg ~ Xi—Xgy X( = Xf {t 9 ^; 1 ) 

is non-singular. Its modulus is the determinant which 

(i) in the first row, has 1 in the first and stli columns and 
0 elsewhere, 

(ii) in the «th row, has 1 in the first, —1 in the sth, and 0 in 
every other column, 

(iii) in the <th row (t a, 1) has 1 in the j)rincipal diagonal 
position and 0 elsewhere. 

The value of such a determinant is i 2- Moreover, each element 
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of the determinant is 1, 0, or — 1 and so belongs to every field 
of numbers F. 

If, in the quadratic form 2 2 ^ra^r^a* numbers 

are zero, but one 6^^ is not zero, then a suitable transforma¬ 
tion of type II will express the form as wherein 

Cji is not zero. 

3.3. The first step towards the canonical form. The 
foregoing elementary transformations enable us to transform 
every quadratic form into one in which Ou is not zero. For 
consider any given form 

A{X,X) = 21 K. = “J- (1) 

r«i 

If one is not zero, a transformation of type I changes 
(1) into a form in which 6ji is not zero. 

If every o,., is zero but at least one is not zero, a trans¬ 
formation of type I followed by one of type II changes (1) into 
a form C{Y ,}') in which c„ is not zero. The product of these 
two transformations changes (1) directly into C{Y,Y) and the 
modulus of this transformation is ±2. 

We summarize these results in a theorem. 

Theorem 46. Every quadratic form A{x,x), toilh coefficients 
in a given field F, and having one a^^ not zero, can be transformed 
by a non-singular transformation with coefficients in F into a form 
B{X, A”) whose coefficient 6^ is not zero. 

3.4. Proof of the main theorem. 

Definition 7. The rank of a quadratic fonn is defined to be 
the rank of the matrix of its coefficients. 

Theorem 47. A quadratic form in n variables and of rank r, 
with coefficients in a given field F, ran be transformed by a non¬ 
singular transformation, with coefficients in F, into the form 

...-fOrA®, (1) 

where are nuynbers m F and no one of them is equal 

to zero. 

n n 

Let the form be 2 2 a*^*d let A denote the matrix 

/-I 
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[a^y]. If every a,j- is zero, the rank of ^ is zero and tliere is 
nothing to prove. 

If one is not zero (Theorem 46), there is a non-singular 
transformation with coefficients in F that changes A{x,x) into 


C, JCf + 2 i X, X, + i i X, X„ 

i=2 i=2i*2 


where ^ 0. This may be written as 



“l 


Qtln 



i = 2 


and the non-singular transformation, with coefficients in F, 


tti ai 

Yi=X^ (2 = 2,..., n), 
enables us to write A{x,z) as 

( 2 ) 

i~2 i«^2 

Moreover, the transformation direct from x to 1' is the pro¬ 
duct of the separate transformations employed; hence it is non¬ 
singular and has its coefficients in F, and every 6 is in F. 

If every in (2) is zero, then (2) reduces to the form (1); 
the question of rank we defer until the end. 

If one is not zero, we may change the form b^fY^Y^ 
in n — 1 variables in the same way as we have just changed tlie 
original form in 7i variables. We may thus show that there is 
a non-singular transformation 

Z^ = = 2,..., ?i), (3) 

i-2 

with coefficients in F, wliich enables us to write 




i- 3 y^3 



where # 0. The equations (3), together with Y^ — Z^, con¬ 
stitute a non-singular transformation of the n variables y,,..., y„ 
into Zj,..., Z^. Hence there is a non-singular transformation, 



150 


THE CHARACrrERISTIC EQUATION AND 


the product of all the transformations so far employed, which 
has coefficients in F and changes A{XyX) into 

“i Zl-\- 2 2 Cij Zj, (4) 

<=3 ^ = 3 

wherein aj ^ 0 and 02 7 ^ 0 , and every c is in J’. 

On proceeding in this way, one of two things must happen. 
Either we arrive at a form 

^ 2 (^) 

t-T+i i^T+x 

wherein k <n, 9 ^= 0 ,..., ^ 0, but every = 0 , in which 

case (5) reduces to 

(^• < n)\ 

or we arrive after n steps at a form 

In either circumstance we arrive at a final form 


“1 


<XiXl-{’...^oc^X% {k < n) ( 6 ) 

by a product of transformations each of which is non-singular 
and has its coefficients in the given field F. 

It remains to prove that the number k in ( 6 ) is equal to r, 
the rank of the matrix A. Let B denote the transformation 
whereby we pass from A(x,x} to the form 

a,XH... + af,Xl-^ y O.Xl (7) 

i=T+l 

Then the matrix of (7) is (Theorem 37) B'AB. Since B is non- 
singular, the matrix B'AB has the same rank as A (Theorem 
34), that is, r. But the matrix of the quadratic form (7) con¬ 
sists of aj,..., ccf^ in the first k places of the principal diagonal 
and zero elsewhere, so that its rank is k. Hence k — r. 


Corollary. Jf A{x,x) is a quadratic form in n variables, with 
its coefficients in a given field F, and if its discriminant is zero, 
it can be transformed by a non-singular transformation, with 
coefficients in F, into a form {in n —1 variables at most) 

“ 1 -^1+-+an-l 

where a„_i are numbers in F. 

This corollary is, of coiirse, merely a partial statement of the 
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theorem itself; since the discriminant of A{x, x) is zero, the rank 
of the form is n — 1 or less. We state the corollary with a view 
to its immediate use in the next section, wherein F is the field 
of real numbers. 

4. The simultaneous reduction of two real quadratic 
forms 

Theorem 48. Let A{x,x), C{x,x) he two real quadratic forms 
in n variables and lei C{x,x) be positive-dejinite. Then there is 
a real, non-singular transformation that expresses the two forms as 

where Aj,..., A„ are the roots of \A —AC| = 0 and are all real. 

The roots of \A —ACI = 0 are all real (Theorem 44). Let Aj 
be any one root. Then A{x,x)—X^C{x,x) is a real quadratic 
form whose discriminant is zero and so (Theorem 47, Corollary) 
there is a real non-singular transformation from .rj,..., to 
Ti,..., y„ such that 

A{x,x)—X^ C(x,x) = a2yi4-... + a„y^> 

where the a’s are real numbers. Let this same transformation, 
when applied to C{x,x), give 

C{x,x) = i yy^riYi. (1) 

i-l/Ti 

Then we have, for an arbitrary A, 

A{x,x) — XC{x,x) = ^(ar.a:)—Ai C(x,a:) + {A,—A)C(x,a:) 

= ia,y?-h(A,-A) i iy,,y,y,. (2) 

Since C{x,x) is positive-definite in the variables x, it is also 
positive-definite in the variables y (Theorem 40). Hence yji is 
positive and we may use the transformation 

Z, = Y, + '^Y, + ...+ri^Y„, 

Vii Yu 

Z, = Y, (a =2,..., 71). 

This enables us to write (2) in the form (Chap. XI, § 1,2) 

A(x,x)-XC(x,x) ^ + 

where and tp are real quadratic forms in Zg,..., Z,^. 
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Since this holds for an arbitrary value of A, we have 

A{XjX) — = \y\\Zi\-\-6t 

C(x,x) = 

where 6 and tp denote quadratic forms in Zg,.,., Z„. 

This is the first step towards tiie forms we wish to establish. 
Before we proceed to the next step we observe two things: 

(i) «/f is a positive-definite form in the n— 1 variables Zg,..., Z„; 

is obtained by a non-singular transformation from the form (1), 
which is positive-definite in Ti,..., Y^. 

(ii) The roots of \6—Xfp\ = 0, together with A — A^, account 
for all the roots of [.4—ACj = 0; for the forms (3) derive from 
A{x,x) and C{x,x) by a non-singular transformation and so 
(Theorem 43) the roots of 



that is, of 




yii(Ai—A) 
0 



^22 ^022 


' ^ ^n 2 


. . 0 

^2h ^02n 

• • • • * 

. . A 0 „„ 



are the roots of \A-~\C\ = 0. If A^ is a repeated root of 
1 ^—AC[ = 0, then A^ is also a root of |0—A^| = 0. 

Thus we may, by using the first step with 6 and tp in place 
of A and C, reduce *p to forms 


e — Agttg U,^), 1 

0 = / 


w here otg is positive, Ag is a root of |^—AC|, and the transforma¬ 
tion between Zg,..., Z„ and f4>” > *8 real and non-singular. 

When we adjoin the equation l\ — Zj w'e have a real, non¬ 
singular transformation between Zj,..., Z„ and U„. Hence 

there is a real non-singular transformation (the product of all 
transformations so far used) from x^,..., x^ to •> such that 

A{x,x) = \ 

C{x,x)= «gC7i4-i’(f73,...,f/„), / 
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where aj and ag positive; Aj and Ag are roots, not necessarily 
distinct, of \A^XC\;f and F are real quadratic forms. As at 
the first stage, we can show that F is positive-definite and that 
the roots of I/—AJ*] = 0 together with Aj and Ag account for 
all the roots of \A —AC| = 0. 

Thus we may proceed step by step to the reduction of A{x,x) 
and C{x,x) by real non-singular transformations to the two 

A{x,x) = AiOiy?+A2a2y|+...+A„c<„ys, 

C{x,x) = agys+.-.-f 

wherein each otf is positive and Aj,..., A„ account for all the roots 
of \A-XC\ = 0. 

Finally, the real transformation 

X, = Va,. n 

gives the required result, namely, 

A{x,x) = AiX|+...+A„ 


C{x,x) = XI+... + XI 


5. Orthogonal transformations 

If, in Theorem 48, the positive-definite form is 
the transformation envisaged by the theorem transforms 
xj-\-...-\-x^ into Such a transformation is called 

an ORTHOGONAL TRANSFORMATION. We shall examine such 
transformations in Chapter XIII; we shall see that they are 
necessarily non-singular. Meanwhile, we note an important 
theorem. 

Theorem 49. A real quadratic form A{x, x) in n variables can 
be reduced by a real orthogonal transformation to the form 

X,X\-\-...-^X„Xl, 

where Aj,..., A„ account for all the roots of \A—XI\ = 0. More- 
over, all the roots are real. 

The proof consists in writing xj-{-...-\-xl for C{x,x) in 
Theorem 48. [See also Chapter XV, § :J.] 

6. The number of non-zero latent roots 

If B is the matrix of the orthogonal transformation whereby 
A{z,x) is reduced to the form 

Aj X j d-. ■ •+A„ 

X 


4793 


( 1 ) 
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then (Theorem 37) B'AB is the matrix of the form (1) and 
this has Aj,..., A„ in its leading diagonal and zero elsewhere. Its 
rank is the number of A’s that are not zero. But since B is 
non-singular, the rank of B'AB is equal to the rank of A. 
Hence the rank of A is equal to the number of non-zero roots of 
the characteristic equation |^—A/j = 0. 


7. The signature of a quadratic form 

7.1. As we proved in Theorem 47 (§3.4), a real quadratic 
form of rank r can be transformed by a real non-singular trans¬ 
formation into the form 

^ (I) 

wherein aj,..., a,, are real and not zero. 

As a glance at §3.3 will show, there are, in general, many 
different ways of effecting such a reduction; even at the first 
step we have a vide choice as to which non-zero we select 
to become the non-zero 6ii or Cjj, as the case may be. 

The theorem we shall now prove establishes the fact that, 
starting from the one given form A{x,x), the number of positive 
a’s and the number of negative a’s in (1) is independent of the 
method of reduction. 


Theorem 60. If a given real quadratic form of rank r is 
reduced by two real, non-sinqular transformations, B^ and B^ say, 
to the for,ns (2) 

(3) 


the number of positive cl's is equal to the number of positive p's and 
the number of negative as is equal to the number of negative p's. 

Let n be the number of variables x„ in the initial quad¬ 
ratic form; let p be the number of positive a’s and v the number 
of positive p'e. Let the variables X, Y be so numbered that 
the positive a’s and P's come first. Then, since (2) and (3) are 
transformations of the same initial form, we have 


^Piyi+...-hP,Yi-\p,^^\yi,,-...-\p^\Yi 


( 4 ) 
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Now suppose, contrary to the theorem, that ^ > v. Then 
the n+i/—equations 

= 0. = 0, = 0, X„ = 0 (5) 

are homogeneous equations in the n variablesf Xi,..., x^. There 
are less equations than there are variables and so (Chap. VIII, 
§5) the equations have a solution x^ = x„ = in which 

^ 1 ,..., are not all zero. 

Let X'j., y' be the values of X,., Y^. when x = ^. Then, from 
(4) and ( 6 ), 

which is impossible unless each X' and Y' is zero. 

Hence either we have a contradiction or 


x; = 0, ..., x; = 0, \ 

and, from ( 6 ), X^+i = 0 , ..., XJj = 0 . / 

But ( 6 ) means that the n equations 

Xj = 0, ..., X„ = 0, 


( 6 ) 

{^) 


say = ^ = n) 

in full, have a solution which are not all 

zero; this, in turn, means that the determinant — 0, which 
is a contradiction of the hypothesis that the transformation 

= ^hk^k (» = L-. «) 

IS non-singular. 

Hence the assumption that /x > v leads to a contradiction. 
Similarly, the assumption that v > {x leads to a contradiction. 
Accordingly, fi = v and the theorem is proved. 

7.2. One of the ways of reducing a form of rank r is by the 
orthogonal transformation of Theorem 49. This gives the form 

AiXf+...+A,X 2 , 

where Aj,..., A,, are the non-zero roots of the characteristic 
equation. 

Hence the number of positive a’s, or /S’s, in Theorem 50 is 
the number of positive latent roots of the form. 

t Each X and y is a linear form in Xi,..., x*. 
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7.3. We have proved that, associated with every quadratic 
form are two numbers P and the number of positive and 
of negative coefficients in any canonical form. The sum of P 

and N is the rank of the form. 

% 

Definition 8. The number P^N is called the signature of 
the form. 

7.4. We conclude with a theorem which states that any two 
quadratic forms having the same rank and signature are, in 
a certain sense, equivalent. 

Theorem 51. Let A^{x.x), A 2 {y,y) be two real quadratic forms 
having the same rank r and the same signature s. Then there is 
a real non-singular transformation x — By that transforms 
into A^iy^y). 

When ar) is reduced to its canonical form it becomes 

where the as and ^’s are positive, where fi = i( 5 +r), and 
where the transformation from x to X is real and non>singular. 
The real transformation 

^1 — '‘^^1 —i ifi = X^ Vo(^, 

changes ( 1 ) to ( 2 ) 

There is, then, a real non-singular transformation, say 
■x = C\^, tliat changes into ( 2 ). 

Eiluall}’, tliere is a real non-singular transformation, say 
y = 0^$, that changes A^{y,y) into (2). Or, on considering the 
reciprocal process, ( 2 ) is changed into Azly.y) by the trans¬ 
formation ^ = CV V- Hence 

x = C,C^^y 

changes .4i(.r,.r) into A 2 iy,y). 

Examples XII 

1. Two forms and C{x,x) have 

a„ = c„ when r = 1 ,..., k and s = 1,,.., n. 

Prove that the A equation of the two forms lias k roots equal to unity. 
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2. Write down the A equation of the two forms ax* + 2Axy + by* and 
a'x*-\-2,h'xy-\-h'y* and prove, by elementary methods, that the roots 
are real when a > 0 and ab —b* > 0. 


Hint. Let 

aa:* + 2/i3ry-|-by* = a(x—ajj/Kx—^ly), 

o'x® + 2b'xi/ + bV = a'(x—otayKx—^,y). 

The condition for real roots in A becomes 

ipb'+a'b-2hhy-4{ab-h^){a'b'-h'*) > 0 . 

which can be written as 

When ob—A* > 0, aj and are conjugate complexes and the result can 

be proved by writing oi = y+tb, )9i = y— 

In fact, the A roots are real save when aj, /S* are real and the 

roots with suffix 1 separate those with suffix 2. 

3. Prove that the latent roots of the matrix A. where 

A(x,x) = 6x5 + 35-^+11^H34 x,x„ 

are all positive. 


4. Prove that when 

A(x,x) = 4xHSx5 + 2x5+8^ia:3 + 6x,Xi + 6x,x, 
two latent roots are positive and one is negative. 


5. 




fi » 


Xr = \dAiex,i 


All = 


• <*ifc 

Xi 

II 

0|1 ■ 

A A a 

®Jl: 

* • ft 


# • 

Oil 

• • 

<*kk 

1 

Afcl 


• • • 



A'. . 

■ Xu 

A 


A. . 

A* 


By subtracting from the last row multiplies of the other rows and then, 
for All, by subtracting from the last column multiples of the other 
columns, prove that and are independent of the variables Xj..., x* 
when k < n. Prove also that 0. 


6. With the notation of Example 5, and with 




a 


11 


Olk 


a*i • • <^kk 

show, by roeansof Theorem 18 applied to A^, that 


h 


Dk 




7. Use the result of Example 6and the result A 
prove that, wlicn no D* is zero. 



n 


0 of Example 6 to 
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THE CHARACTERISTIC EQUATION AND 

Consider what happens when the rank, r, of ^ is less than n and 
Di,..., Df&re all distinct from zero. 

8 . Transform 4ara 2:3 + 2 x 3 r, + 6 x 1 x, into a form with 

an ^ 0, and hence (by the method of Chap. XI, § 1.2) find a canonical 
form and the signature of the form. 

9. Show, by means of Example 4 , that 

4x;+ 9x1 + 2 x 3 + 8 x, X 3 + 6 x, Xi + 6 xj x, 

is of rank 3 and signature 1. Verify Theorem 60 for any two independent 
reductions of this form to a canonical form. 

10 . Prove that a quadratic form is the product of two linear factors if 
and only if its rank does not exceed 2 . 

Hint. Use Theorem 47. 

13. Prove that the discriminant of a Hermitian form A[x,x), when it 
is tnmsformed to new variables by means of transformations x = BX» 
X = BX, is multiplied by jR( x |R). 

Deduce the analogue of Theorems 43 and 44 for Hermitian forms. 

12. Prove that, if is a Hermitian matrix, then all the roots of 
\A—XI\ = 0 are real. 

Hint. Compare Theorem 45 and use 

n 

C(x, i) = '2, Xf Xf. 

13. Prove the analogues of Theorems 46 and 47 for Hermitian forms. 

14. A{x,x), C{x,x) are Hermitian forms, of which C is positive- 
definite. Provo that there is a non-singular transformation that expresses 
the two forms as 

A. X. .-r.+... +A„ X„ X„. X. X.+...+X„ x„, 

where Ai,...,An are the roots of \A —ACj = 0 and are all real. 

15. An example of some importance in analytical dynamics.^ Show 
that when a quadratic form in m+n variables, 

is expressed m terms of .x„,^j,.„, x„^„, where = dTjdx,, there 

are no terms involving the product of a ^ by an x. 

Solution. The result is easily proved by careful manipulation. Use 

the summation convention: let the range of r and a be 1 .. let the 

range of « and t bo m+1,..., m+n. Then 2T may be expressed as 

2T = o„x,.x,+ 2a,.„x,,y„+o„|y^,y^, 

where, as an additional distinguid-ing mark, we have written y instead 
of X whenever the sufiix exceeds m. 

We are to express T in terras of the y's and new variables ^3 given by 

~ ajuVy {a = l,...,m). 

t Cf. Lamb, Higher Mechanics, §77: The Kouthion function. I owe this 
dxanipld to Mr. J. Modgkinson. 
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Multiply by A„, the co-factor of in A = |ar«l> ^ determinant of order 
m, and add: we get a.t, = 

Now ZT = x^(a„x,+2aruyj+autyui/t 

= a:r(^r+a^„y„)+a„,y„yt. 

= -^,risir + yu(aruAsri,-a,u-^^ir) + <^(y,yh 
where ^(y, y) denotes a quadratic form in the y's only. 

But, since o„ = a„, we also have A„ = Thus the term multiply- 
mg in the above may be written as 

and this is zero, since both r and e are dummy suffixes. Hence, 27 may 
be written in the form 

27 = (A„/A)f,|,.+6jjy„y(. 

where r,6 run from 1 to m and u,t run from m-f-1 to m+n. 



CHAPTER XIII 


ORTHOGONAL TRANSFORMATIONS 

1. Definition and elementary properties 

1.1. We recall the definition of the previous chapter. 

Definition 9. A transformaiion x = AX that transforms 
ccj-h — called an orthogonal trans¬ 
formation. The matrix A is called an orthogonal matrix. 

The best-known example of such a transformation occurs In 
analytical geometry. When {x, y, z) are the coordinates of a 
point P referred to rectangular axes Ox, Oy, Oz and (X, Y, Z) 
are its coordinates referred to rectangular axes OX, OY, OZ, 
whose direction-cosines with regard to the former axes are 
(^j, Wj, Wj), (/g, Wg, Wg)’ (^ 3 » ^ 3 )> coordinates 

are connected by the equations 

x=^l^X+UJ+l:,Z, 

y = WiX-fmgy-f 

2 = n^X-\-n2Y -{-n^Z. 

Moreover, — X^’\-Y^-\-Z^ = OP^. 

1.2. The matrix of an ortliogonal transformation must have 
some special property. This is readily obtained. 

If A = [a„] is an orthogonal matrix, and x ~ AX, 

i = = l (a,,X, + ... + 0 ,„X „)2 

r = l r«l r = l 

for every set of values of the variables X,.. Hence 

aL+"-l-«L = ^ = 1. -, n), 

— 0 (s ^ O' 

These are the relations that mark an orthogonal matrix: they 
are equivalent to the matrix equation 

AA = /, 

as is seen by forming the matrix product A'A. 



(2) 
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1.3. When (2) is satisfied A* is the reciprocal of A (Theorem 
25), 80 that AA' is also equal to the unit matrix, and from this 
fact follow the relations (by writing AA' in full) 

=1 {« = 1,..., n), 

= 0 (« = 7 «^= 0 - 



When n = 3 and the transformation is the change of axes 
noted in §1.1, the relations (1) and (3) take the well-known 
forms = 1, = 0, 

= 1 , l^l2-\-m^m2+n^n^ — 0 , 

and so on. 


1.4. We now give four theorems that embody important 
properties of an orthogonal matrix. 

Theobem 52. A Tiecessary and sufficient condition for a square 
matrix A to be orthogonal is A A' = /. 

This theorem follows at once from the work of §§ 1.2, 1.3. 

Corollary. Every orthogonal transformation is non-singular. 

Theorem 53. The- product of two orthogonal transformations 
is an orthogonal transformation- 

Let X = AXy X as BY be orthogonal transformations. Then 

AA' = /, BB’ = I. 

Hence (AB){ABy = ABRA’ (Theorem 23) 

= AlA’ 

= AA' = /, 

and the theorem is proved. 

Theorem 64. The modulus of an orthogonal transformation is 
either -f-1 or --1. 

AA* — I and |.<4j is the determinant of the matrix A, then 
\A\. \A'\ = 1. But \A'\ — \A\, and hence \A\^ = 1. 

Theorem 66, If X is a latent root of an orthogonal transforma¬ 
tion, then so is 1/A. 

Let A be an orthogonal matrix; then AA' — /, and so 

A' = A-K 


470a 


Y 


(4) 
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By Theorem 36, Corollary, the characteristic (latent) roots 
of A' are the reciprocals of those of A. But the characteristic 
equation of is a determinant which, on interchanging its 
rows and columns, becomes the characteristic equation of A. 

Hence the n latent roots of A are the reciprocals of the n 
latent roots of A, and the theorem follows. (An alternative 
proof is given in Example 6 , p. 168.) 

2. The standard form of an orthogonal matrix 

2.1. In order that A may be an orthogonal matrix the equa¬ 
tions ( 1 ) of § 1.2 must be satisfied. There are 

2 2 

of these equations. There are »-elements in A. We may there¬ 
fore expect'!’ that the number of independent constants neces¬ 
sary to define A completely will be 

^2 7i(n-f 1) _ w(n-l) 

2 2 ■ 

If the general orthogonal matrix of order is to be expressed 
in terms of some other type of matrix, we must look for a matrix 
that has \n{n~\) independent elements. Such a matrix is the 
skew-symmetric matrix of order n\ that is, 

^ik — — ^ki‘ 

For example, when n = 3 , 

■ « *12 V 

~6i3 0 633 

■ ^13 ^23 - 

has 1 -|- 2 = 3 independent elements, namely, those lying above 
the leading diagonal. The number of such elements in the 
general case is 

l-h2-f-...-}-(^i—1) = ln{n —1). 

t The method of counting constants indicates what results to expect: it 
rarely proves those results, and in tho crude form we have used above it 
certainly proves nothing. 
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Theorem 56. If S is a skew-symmetric matrix of order n, Men, 
provided that I-\'S is non-singular, 

is an orthogonal matrix of order n. 

Since S is skew-symmetric, 

S'=-s, {i-sy {i-\-sy = i-S\ 

and when I-\-S is non-singular it has a reciprocal 
Hence the non-singular matrix O being defined by 

0 = (/- 5 )(/+ 5 )-^ 

we have 

O' = (Theorem 23) 

= (/—5)-^(/+5) (Theorem 27) 

and 00' = (I-S){l+8)-'^(l-S)-'(r+S). (5) 

Now I-^S and I-\-8 are commutative,t and, by Iiypothesis, 
l-\-S ia non-singular. HenceJ 

(/-5)(/+S)-» = iI+S)-HI-S), 

and, from (5), 

00 ' = (/-j-5)->(/-iS)(/-5)-H/+^) = (/+*S)-H^+‘S) = 

Hence O is an orthogonal matrix (Theorem 52). 

Note. When the elements of S are real, I-\-S cannot be singular. This 
fact, proved as a lemma in §2.2, was well known to Cayley, who dis¬ 
covered Theorem 60. 

2.2. Lemma. If S is a real skew-symmetric matrix, I-{-S is 
non-singular. 

Consider the determinant A obtained by writing down S and 
replacing the zeros of the principal diagonal by x', e.g., with 
n = 3, 


X 

a 

b 

. S = 

■ 0 

a 

b‘ 

—a 

X 

c 


—a 

0 

c 

-b 

—c 

X 


.-b 

—c 

0 . 


t {I-S){I-\-S) - I*+JS-SI~S' = P-S* = {I-\-S){I-S) [HI = IS). 
t If AQ I— QA and Q is non-singular, then AQ~' ** Q~^A. 

Fop Q-*AQ - Q-*QA = A 

and BO AQ-* - (Q~*AQ)Q-^ - Q-^QQ-^ = Q-^A. 
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The differential coefficient of A with respect to x is the sum of 
n determinants (Chap. I, §7), each of which is equal to a skew- 
symmetric determinant of order n—l when x = 0, Thus, when 
n ~ 3, 

1 OO-f-ic a b X a b 

—O' X c 0 10 —a X c 

~~b ~c X —6 _c a: 0 0 1 

X c + X 6 -j-x a , 

—c X —6 X —a X 

and the latter become skew-symmetric determinants of order 2 
when ar = 0. 

Differentiating again, in the general case, we see that 
is the sum of n(n~l) determinants each of which is equal to 
a skew-symmetric determinant of order n—2 when x = 0; and 
so on. 

By Maclaurin’s theorem, we then have 

A = Ao+x^ +3=2 2 (6) 

1 2 

where Aq is a skew-symmetric determinant of order w, ^ a sum 

of skew-symmetric determinants of order n—l, and so on. 

But a skew-s 3 rmmetric determinant of odd order is equal to 

zero and one of even order is a perfect square (Theorems 19, 21). 
KsncG 

n even A = Po-|-^®-P 2 +-.+a:” ) 

nodd A = a:ii+a:3P3-f-...+a:« / ^ ^ 

where /q, are either squares or the sums of squares, and 
so Pq, Pi,.., are, in general, positive and, though they may be 
zero in special cases, they cannot be negative. 

The lemma follows on putting x = 1. 

2.3. Theorem 57. Every real orthogonal matrix A can be 
expressed in the form 

where 8 is a skew-symmetric matrix and J is a matrix having ± 1 
in each diagcmal place and zero elsewhere. 

As a preliminary to the proof we establish a lemma that is 
true for all square matrices, orthogonal or not. 
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Lemma. Oiven a square matrix A it is possible to choose a 
matrix J, having i 1 in each diagonal place and zero elsewhere, 
so that —1 w not a latent root of the matrix JA. 

Multiplication by J merely changes the signs of the elements 
of a matrix row by row; e.g. 




®12 

®I3 = 

■ «U 

®12 

^22 

«23 


^22 

®32 

®33. 

.-O 3 I 

®32 



Bearing this in mind, we see that, either the lemma is true or, 
for every possible combination of row signs, we must have 


±®n+1 

±®12 

±'*ln — 9- 


±«21 

* • * 

±® 22 +l 

♦ 

±'* 27 . 

( 8 ) 

±^nl 

^ # V 0 

±'* 27 . 

^ ^ w 

±'*7111+1 



But we can show that (8) is impossible. Suppose it is true. 
Then, adding the two forms of (8), (i) with plus in the first row, 
(ii) with mimts in the first row, we obtain 


±028+1 • • ±02n “ ^ 

. (9) 

±02n • • • - ±a„„+l 

for every possible combination of row signs. We can proceed 
by a like argument, reducing the order of the determinant by 
imity at each step, until we arrive at ±a„„ + l = 0: but it is 
impossible to have both +a„„+l = Oand —= 0. Hence 
(8) cannot be true. 


2.4, Proof of Theorem 67. Let .<4 be a given orthogonal 
matrix with real elements. If A has a latent root —1, let 
JiA ^ A^he a matrix whose latent roots are all different from 
— 1, where is of the same type as the J of the lemma. 

Now is non-singular and its reciprocal is also a matrix 
having ± 1 in the diagonal places and zero elsewhere, so that 


A = = JA^, 

where «/ = and is of the type required by Theorem 67. 
Moreover, A^, being derived from .4 by a change of signs of 
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certain rows, is orthogonal and we have chosen it so that the 
matrix is non-singiilar. Hence it remains to prove that 

when is a.real orthogonal matrix such that A^-^I is non¬ 
singular, we can choose a skew-symmetric matrix S so that 

To do this, let 

S = {I-A,){1+A^)~K (10) 

The matrices on the pght of (10) are commutativef and we 
may write, without ambiguity, 




I+A[' 



Further, A^A[ — A[A-^ = /, since A^ is orthogonal. Thus A^ 
and A[ are commutative and we may work with A-^, A[, and I 
as though they were ordinary numbers and so obtain, on using 
the relation A^A[ — /, 


5 + 5 ' = 

I+A^^ lJtA[ 
2I-2A^A[ 


= 0 . 


-^+-^i+-^i+-^i^I 

Hence, when 5 is defined by (10), we have 5 = —5'; that is, 
5 is a skew-symmetric matrix. Moreover, from (10), 


5+5.^4j^ = I — A^ 

and so, since /+5 is non-singularj and I~S, 7+5 are com¬ 
mutative, we have 


A, = (/_5)(/+5)-i, (12) 

the order|[ of the two matrices on the right of (12) being 
immaterial. 

We have thus proved the theorem. 

2.4. Combining Theorems 56 and 57 in so far as they relate 
to matrices with real elements we see that 

7/ 5 is a real sl:ew-sy7njnetric matrix, then 

A = 7{7-5)(7+5)-i 


t Compare thd footnote on p. 163 . 

li Compare the footnote on p. 163. 


t Compare § 2.2. 
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is a real orthogcmal matrix, and every real orthogonal matrix can 
he 80 loritien.* 

2.5. Theorem 58. The latent roots of a real orthogonal matrix 
are of unit modulus. 

Let [a„] be a real orthogonal matrix. Then (Chap. X, §7), 
if A is a latent root of the matrix, the equations 

+ (r = (13) 

have a solution Xy .a:„ other than Xy — ... = = 0. 

These x are not necessarily real, but since is real we also 
have, on taking the conjugate complex of (13), 

+ + (r = 1 ,..., n). 

By using the orthogonal relations (1) of § 1, we have 

AA i X,x, = i x,x,. 

r -1 r-1 

But not all of Xy,..., x„ are zero, and therefore ^x,.x^ > 0. 
Hence AA = 1, which proves the theorem. 


Examples XIII 

1. Provo that tho matrix 

r-i i i i 1 

i -i i i 

i k -i i 

Li i j -iJ 

is orthogonal. Find ita latent roots and verify that Theorems 54, 55, and 
58 hold for this matrix. 

2. Provo that the matrix 

fi g g 1 
i i -g 
Li -g i J 

is orthogonal. 

3. Prove that when 

= ro -c - 61 , 

c 0 —a 
b a 0 . 
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is 


l+o*-6*-c» 

2{c—oi) 

2(ac+b) 

l+o*-h6»-{-c* 

l-fa»+6*+c* 

l-ha*+6»+c“ 

— 2(c+o6) 

l-o»+6*-c> 

2 ( 0 —6c) 

l+a«+6*+c* 

l+a*+6*+c* 

l+o>+6>-fc* 

2(ac—6) 

1 u-/iSa.M-L.-s 

— 2(a4-fcc) 

1 1 A 

l_o>-6»-f-c» 
1 1 1 1 


Hence find the general orthogonal transformation of three variables.f 

4. A given symmetric matrix is denoted by A; X'AX is the quadratic 
form associated with A; iS is a skew•symmetric matrix such that I+3A 
is non-singular. Prove that, when SA = AS and 


X'AX = Y'AY. 


Y I^SA^ 


6. (Harder.)X Prove that, when A is symmetric, S skew- 83 mimetric, 
and R = {A-{-S)-'(A-S), 

R'(A-\-S)R = A + S, R'(A~S)R = A~S; 

R'AR^A, R'SR = S. 

Prove also that, when X = RF, 

X'AX = Y'AY. 

6. Prove Theorem 56 by the following method. Let A be an ortho¬ 
gonal matrix. Multiply the determinant (A—A/| by (Aj and, in the 

resulting determinant, put A'= 1/A. 

7. A transformation x = UX, x = VX which makes 

2 =■ 2 

18 called a unitary transformation. Prove that the mark of a unitary 
transformation is the matrix equation UU' = /. 

8. Prove that the product of two unitary transformations is itself 
unitary. 

9. Prove tjiat the modulus Af of a unitary transformation satisfies the 
equation MM = /. 

10. Prove that each latent root of a imitary transformation is of the 
form e*’, where a is real. 


t Compare Lamb, High^ Medianice, chapter i, examples 20 and 21, where 
the transformation is obtained from kinematical considerations. 

t These results are proved in Turnbull, Theory of Determinants, Matrices, 
and Invanant9e 
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1. Introduction 

1.1. A detailed study of invariants and covariants is not 
possible in a single chapter of a small book. Such a study 
requires a complete book, and books devoted exclu.sively to 
that study already exist. All we attempt here is to ii^troduce 
the ideas and to develop them sufficiently for the reader to be 
able to employ them, be it in algebra or in analytical geometry. 

1.2. We have already encountered certain invariants. In 
Theorem 39 we proved that when the variables of a quadratic 
form are changed by a linear transformation, the discriminant 
of the form is multiplied by the square of the modulus of the 
transformation. Multiplication by a power of the modulus, not 
necessarily the square, as a result of a linear transformation is 
the mark of what is called an ‘ invariant ’. Strictly speaking, the 
word should mean something that does not change at all; it is, 
in fact, applied to anything whoso only change after a linear 
transformation of the variables is multiplication by a power of 
the modulus of the transformation. Anything that does not 
change at all after a linear transformation of the variables is 
called an ‘absolute invariant*. 


1.3. Definition of an algebraic form. Before we can give 
a precise definition of ‘invariant’ we must explain certain tech¬ 
nical terms that arise. 


Definition 10. A sum of terms, each of degree k in the n 
variables x, y,..., t, 





. 



wherein the a's are arbitrary constants and the sum is taken over 
all integer or zero sets of values of a, /3,..., A which satisfy the 
conditions 


0 < a < A-, 


..., 0 ^ A ^ a-f-^+... + A — k, (2) 

is called an algebraic form of degree k in the variables x, y,..., t. 

4702 ^ 
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For instance, ax^-^2hxy-{'by^ is an algebraic form of degree 
2 in a; and and 


2 


a 


n\ 


'r\ {»—r)! 


iXfyn 


•r 



is an algebraic form of degree n in a; and y. 

The multinomial coeflScients A:!/a!... A! in (1) and the binomial 
coefficients n!/r!(n—r)! in (3) are not essential, but they lead 
to considerable simplifications in the resulting theory of the 
forms. 


1.4. Notations. We shall use F{a, x) and similar notations, 
such as 4>{b,X), to denote an algebraic form; in the notation 
F{a,x) the single a symbolizes the various constants in (1) and 
(3) and the single x symbolizes the variables. If we wish to 
mark the degree k and the number of variables w, we shall use 
F{a,x)l. 

An alternative notation is 


(4) 

which is used to denote the form (3), and 

which is used to denote the form (1). In this notation the index 
marks the degree of the form, while the number of variables is 
either shown explicitly, as in (4), or is inferred from the context. 

Clarendon type, such as x or X, be used to denote single¬ 
column matrices with n rows, the elements in the rows of x or 

X being the variables of whatever algebraic forms are under 
discussion. 

The standard linear transformation from variables x^,..., x 
to variables X„, namely, 

= n), (5) 

will be denoted by x = MX, (6) 

M denoting the matrix of the coefficients l„ in (5). As in pre¬ 
vious chapters, lil/] will denote the determinant whose elements 
are the elements of the matrix M. 
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On making the substitutions (5) in a form 

F{a,x) = K* (7) 

we obtain a form of degree k in .: this form we denote by 

G{A,X) = {A^,...){X^,...,XJK (8) 

The constants A in (8) depend on the constants a in (7) and 
on the coefficients By its mode of derivation, 

G{A,X) = F{a,x) 


for all values of the variables x. For example, let 

F{a,x) = a^x^l^2a^^x^x^-\-a^zxl, 

X^ ^ Zu ^ 2 > ^2 ~ ^21 •^ 1~}“^22 •^ 2 > 


then 

Fia^x) = G{A,X) = AiiXl-^2Ai2XiXo-\-A22Xl, 

where ®ii^ii~l“^^i 2 ^n^ 2 i~f“® 22 ^ 2 i> 

Ai2 = ^11 ^12“b®12(^11^22“f“^21^12)"l“®22 ^21^22* 

■^22 “ ®11^12’l"2ai2 ^12^22“l"®22 ll,. 

In the sequel, the last thing we shall wish to do will be to 
calculate the actual expressions for the ^’s in terms of the a’s: 
it will be sufficient for us to reflect that they could be calculated 
if necessary and to remember, at times, that the A ’s are linear 
in the a’s. 


1.5. Definition of an invariant. 

Definition 11. A function of the coefficients a of the algebraic 
form F{a,x) is said to be an invariant of the form if, whatever the 
matrix M of (6) may be, the same function of the coefficients A 
of the form G{A,X) is equal to the original function {of the coefft- 
dents a) multiplied by a power of the determinant \M\, the power 
of \M\ in question being independent of M. 

For instance, in the example of § 1.4, 

■^11-^22 -^12” P(^ll ^22 ^ 12 )' 

a result that may be proved either by laborious calculation 
or by an appeal to Theorem 39. Hence, in accordance with 
Deflnition 11, a(ia 22 —is an invariant of the algebraic form 
«U + 2ai2 X^ X 2 -f-022 A- 
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Again, wc may consider not merely one form F{a,x) and its 
transform G(A,X)y but several forms F^ia^x) and 

their transforms Gi{A,X),..., Gr{AyX): as before, we write 
Gr{A,X) for the result of substituting for x in terms of X in 
Fr{a,x), the substitution being given by x = MX. 

Definition 12. A function of the coefficients a of a number of 
algebraic forms F^ia^x) is said to be an invariant (sometimes a 
joint-invariant) of the forms ify whatever (he matrix M of the 
transformation x = MX, the same function of the coefficients A of 
the resulting forms Gr{A,X) is equal to the original function (of the 
coefficients a) multiplied by a certain power of the determinant \M\. 

For example, if 

F^(a,x) = a^x-irb^y, ^ 2 ( 0 , 3 :) = a^x-\-b.yy (9) 

and the transformation x = MX is, in full, 

X — {x^X-\-p^Yy y — oL^XA-^^Yy (10) 

so that 


Fi(a,a;) = G^(AyX) = (a^oL^-\-b-^oLf)XA-(a^p^-)-b^^^)Yy 

F ^( ayX ) = Go ( AyX ) = {a2“i+^2“a)-^+(«2j8i+62^2)J^» 
we see that 





^1 “1 + ^1 “! 


A. 


1 





1 fll 61 

X 

«1 - 




O2 ^2 


“2 ^2 \ 


( 11 ) 


Hence, in accordance with Definition 12, a^^b^—a^b^ is a joint- 
invariant of the two forms a^x-\-biy, a^x-\-b,^y. 

This example is but a simple case of the rule for forming the 
‘product’ of two transformations: if we think of (9) as the trans¬ 
formation from variables F^ and Fo to variables x and y, and 
(10) as the transformation from x and y to and Y, then (11) 
is merely a statement of the result proved in § 3.3 of Chapter X. 

1.6. Covariants. An invariant is a function of the coefii- 
cients only. Certain functions which depend both on the 
coefficients and on the variables of a form F(a,a:), or of a num¬ 
ber of forms a'), share with invariants the property of being 
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unaltered, save for multiplication by a power of \M\, when the 
variables are changed by a substitution x = J/X. Such func¬ 
tions are called covariants. 

For example, let u and v be forms in the variables x and y. 
In these, make the substitutions 


X — l^X-\-m^Y, y=^hX-\-m^Y, 

so that u, V are expressed in terms of X and Y. Then we have, 
by the rules of differential calculus. 


du 

, du j du 

Bv 


dX" 

dX‘~^^dx'^ 

du 

du , du 

dv 

dv 

dY"" 


dY ~ bx 


dv 


dv 


The rules for multiplying determinants show at once that 


du 

du 

1 ! 

X 

du 

dx 

du 

dy 

dv 

dv ' 


dv 

dv 

dX 

dY 


dx 

dy 


The import of (12) is best seen if we write it in full. 


( 12 ) 


Let 


V = OoX’‘-\-nbiX»-hj-{-...-^b„y^‘, } 
and, when expressed in terms of X, Y, 

u = AoX»-^nAiX'*-'Y'i-...-i-A,,Y", 

Then (12) asserts that 

AoX—^-h...-hA„_,Y-^ + 



h h 

X 





/ 7 oa:»-> 4 -+ 


The function 


depending on the constants b^ of the forms u, v and on the 
variables x, y, is, apart from the factor unaltered 
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when the constants 6, are replaced by the constants 
and the variables a;, y replaced by the variables Y. Accord¬ 
ingly, we say that (14) is a covariant of the forms v. 

1.7. Note on the definitions. When an invariant is defined as 

*a function of the coefificients a, of a form F(a,x)t which is equal to 
the same function of the coefficients A, of the transform (7(A,X), 
multiplied by a factor that depends only on the constants of the trans- 
formation\ 

it cap be proved that the factor in question must be a power of the 
modulus of the transformation. 

In the present, elementary, treatment of the subject we have left 
aside the possibility of the factor being other than a power of \M\. It. 
is, however, a point of some interest to note that the wider definition 
can bo adopted with the same ultimate restriction on the nature of the 
factor, namely, to be a power of the modulus. 


2. Examples of invariants and covariants 

2.1. Jacobians. Let u, v .be n forms in the n variables 

X, y,..., 2 . The determinant 

Uy Vy . . Wy 

• • ■ • • 

U, V. . w, 

Z Z Z 

V 

where Uy,... denote du/dx, duldy,...^ is called the Jacobian of 
the n forms. It is usually written as 

d[u,v,...,w) 

d{x,y,...,z)‘ 

It is, as an extension of the argument of §1.6 will show, a 
covariant of the forms u, r,..., w, and if x = MX, 


e{X,Y,...,Z) ' d{x,y,..., 2 )' 



2.2. Hessians. Let u be a form in the variables x, y,..., z 
and let denote c!^uldx^, dhijdx^y,.... Then the deter¬ 

minant 





% 


Sx 

'^UV 

• 

4 







INVARIANTS AND COVARIANTS 


176 


is called the Hessian of u and is a covariant of u; in fact, if we 
sjnnbolize (2) as H{u;x), we may prove that 

H{u;X) = (3) 


For, by considering the Jacobian of the forms and 

calling them u^, we find that §2.1 gives 


a(X,y,...) “ ‘ ' a(x,y,...) • 


But 
and if 


_ d du 

X = X -f- ^2 F 

y = m^X+rngF-i-**** 


then 


Hence 


d , a , a , 


^2 Wl, 


h 


II • 

■ 

» • « • 

..., j 

"^xx 

UxY 

V • 

^XZ 

UyX 

Uyy 

• • 

Uyz 

# % 

^ZX 

• # 

Uyy 

4 s 

• • 

0 9 

^zz 

1 

• • 

X 

'^xX 

'^vX 

2 

• • 


U^y 

^I/F 

* 

n 

« • 

• • 1 


s 

^xz 

^l/Z 



as may be seen by multiplying the last two determinants by 
rows and applying (5). That is to say, 

which, on using (4), yields 


H{u\X) ^ \M\^H{u\x). 
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2.3. Eliminant of linear forms. When the forms u,..., ttJ 
of § 2.1 are linear in the variables we obtain the result that the 
determinant |a,,| of the linear forms 


is an invariant. It is sometimes called the eliminant of the 
forms. As we have seen in Theorem 11, the vanishing of 
the eliminant is a necessary and sufficient condition for the 


equations 


ffrl^l+- -+«rn^n = 0 (^ = I.-, «) 


to liave a solution other than Xi= ... = .t,j = 0. 


2.4. Discriminants of quadratic forms. When the form 
u of §2.2 is a quadratic form, its Hessian is independent of the 
variables and so is ar Invariant. When 


K, = a,r). (6) 

we have dhijdx^dXg = 2cry^, 

so that the Hessian of (6) is, apart from a power of 2, the 
determinant |a,.j|, namely, the discriminant of the quadratic 
form. 

This provides an alternative proof of Theorem 39. 


2.5. Invariants and covariants of a binary cubic. A form 
in two variables is usually called a binary form: thus the general 

cubic IS aQX^-^ 3 a^xhj-\-Za 2 xy^-^Osy\ (7) 

We can ^^Tite down one covariant and deduce from it a second 
covariant and one invariant. The Hessian of (7) is (§2.2) a 
covariant; it is, apart from numerical factors, 



OoX-\-a^y 

a^x-^a.y 




i.e. K 02 —«i)^®+(ao«3—ai)y-. (8) 

The discriminant of (8) is an invariant of (8): we may expect 
to find (we prove a general theorem later, §3.6) that it is an 
invariant of (7) also.f The discriminant is 


^0 


2 (^0 ^3 ^1 ^2) 


(9) 


t Tho roader will clarify his ideas if he writes down the precise meaning of 
the plirases ‘is an invariant of (7)’, ‘is an invariant of (8)‘. 
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Again, the Jacobian of (7) and (8), which we may expect'l' 
to be a covariant of (7) itself, is, apart from numerical factors, 

2(Oo^ 2—«i)^+(ao^3—(«o«3“^i«2)^ + 2(aja3—a|)y 

i.e. (oJas —2a(,a|-f-ai 

+ ^^ala2—aQa^a^~a^a\)xy^-\-{2a^a^a^—aQal~2al)y^. (10) 

At a later stage we shall show that an algebraical relation 
connects (7), (8), (9), and (10). Meanwhile we note an interesting 
(and in the advanced theory, an important) fact concerning the 
coefficients of the covariants (8) and (10). 

If we write 

for a quadratic covariant, 
Cia:^+-C 2 a:y^ + 2^^3y® for a cubic covariant. 


and so on for covariants of higher degree, the coefficients are 
not a disordered set of numbers, as a first glance at (10) would 
suggest, but are given in terms of Cq by means of the formula 

where p is the degree of the form u. Thus, when we start with 
the cubic (7), for which p = 3, and take the covariant (8), so 
that Cq = 0 ^ 02 —af, we find that 


3 o ,^ + 2 a ^'=0 


dc 




da. 


da 


ca 


and 


^ 2 (a,a 3 -a 2 ) = c. 


ba 


0 t/t*2 


da 


and the whole covariant (8) is thus derived, by differentiations, 
from its leading term (a^ag—aj)x® 

Exercise. Provo tliat when (10) is written os 

Co + Cl x*y + Jc, xy* + ^c, y’, 

■0 

t Compare §§3.6, 3.7. 

A a 


(>• = 0,1.2). 


4703 
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2.6. A method of forming joint-invariants. Let 

u = F{a,x) = (12) 

and suppose we know that a certain polynomial function of the 
a’s, say ,, . 

.“ J. 

is an invariant of F{a,x). That is to say, when we substitute 
X = AfX in (12) we obtain a form 

M = G{A,X) = (Ao,...,A„)(Xi,...,i:j*, (13) 

and we suppose that the a of (12) and the A of (13) satisfy 
the relation 

<I)(Aq,...,Ajj ^)— 1-^1 (l"^) 

where s is some fixed constant, independent of the matrix M. 
Now (12) typifies any form of degree k in the n variables 
and (14) may be regarded as a statement concerning 
the coefficients of any such form. Thus, if 

V = F{a\x) = (S- 

is transformed by x = MX into 

V = G{A\X) = (A;...,A;„)(X„....XJ^ 

the coefficients a'. A' satisfy the relation 

<f}{AQ,..., A„^) = |J/|®^(aQ,...,a„,). (15) 

Equally, when A is an arbitrary constant, m+A/? is a form of 
degree k in the variables arj,..., x„. It may be written as 

and, after the transformation x = J/X, it becomes 

(^0-.. AJiX, .X„)^-+A(.4;..., A'J{X„..., XJfc, 

that is, {Ao+XAi..., A^^XA'JiX,,..., X„)^. 

Just as (15) may be regarded as being a mere change of 
notation in (14), so, by considering the invariant ^ of the form 
w-{-Ar, we have 


Ario...., ^,„H-A^;„) = |J/|*«^(ao+^<^o>-". Om+^Om). ( 16 ) 
which is a mere change of notation in (14). 

Now cacli side of (IG) is a polynomial in A whose coefficients 
are functions of the A, a, and \M\; moreover, (16) is true for 
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all values of A and so the coefficients of A®, A, A^,... on each side 
of (16) are equal. Hence the coefficient of each power of A in 
the expansion of 

is a joint-invariant of u and v\ for if this coefficient is 
then (16) gives 

The rules of the differential calculus enable us to formulate 
the coefficients of the powers of A quite simply. Write 

^0 = CEo“l"^°0> + 

Then ^ 


d4> d<f> db„ 


dbQ dX 


db^ dX 


®C'6n 


^ flrt —r - 


e 


4> 


m 


db 


(18) 


m 


and the value of (18) when A = 0 is given by 




(19) 


Hence, by Maclaurin’s theorem, 


C d 5 \ 

"i” ol (®0 ^-^ r^~ I ^(^^o**'** ®m)“h •••> 

2\\ dUo aaj 

the expansion terminating after a certain point since 

is a polynomial in A. Hence, remembering the result (17), we 
have 




= + «,«)• (20) 
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Exa 


/jI 


PLES XIV A 


Examples 1-4 can be worked by straightforward algebra and without 

appeal to any general theorem. In these examples the transformation 
is taken to be , 


and so \M\ is equal to forms ax-\-hy, flUE*+26a:y+cy* are 

transformed into AX + BY, AX^^2BXY^CY^i and so for other 
forms. 


1. Prove that ab'—a'b is an invariant (joint-invariant) of the forms 
ax+by, a'x-hb'y. 

Ans. AB'-A'B = \M\{ab'-a’b). 

2 . Prove that a6'*—26a'6'+ca'* is an invariant of the forms 

ax^-^2bxy-\-cy\ a'x+b'y. 

Am. AB'^~2BA'B'-\-CA'^ = \M\^{ab'^-2ba'b'-^ca'^). 

3. Prove that ab'+a'b — 2hh' is an invariant of the two quadratic 
forms ax* + 2hxy-\-by^, o V + 2h'xy + b'y*. 

Am. AB'-\-A'B-2HH' = \M\^ab'-\-a'b-2hh'). 

4. Prove that 6 '(ax + 6 y)—a'( 6 x+cy) is a covariant of the two forms 
ax* + 2bxy + cy\ a'x + b'y. 

A„,. B’(AX+BY)-A'(BX+CY) = |Jt/|{ 6 '(ax + 6 y)-a'( 6 x + c»)). 

Ihe remaining examples are not intended to be proved by sheer 
.substitution. 


5. Prove the result of Example 4 by considering the Jacobian of the 
two forms ax*-r 26xj/+ cy*, a'x+ 6 'y. 

6 . Prove that (ab'-a'b)x^-^(ac'~a'c)xy-L(bc'-b'c)y^ is the Jacobian 
of the forms ax* + 2bxy -f cy», a'x* -f 26'xy+c'y*. 

7. Prove the result of Example I by considering the Jacobian of the 
lormsax-f- 6 y, a'x-^b'y. 

8 . Prove that I( 6 iCj- 63 C,)(ax + Ay + (, 2 ) is the Jacobian (and so a 
covanant) of the three forms 


ax* + 6 i/* -f cc* + 2fyz + 2gzx -f 2hxy. x + 6 ^ y -f 2 , 

Examples 9-12 are exercises on § 2.6. 


Oa* + i>iy + c,2. 


9. Prove the result of Example 3 by first showing that a 6 —A* is an 
invariant ofax* + 2 Axy-f 6 i/*. 


10 . Prove the result of E.xample 2 by considering the joint-invariant 
of ax*4- 2 /»x 3 / + 6 y* and (o'x-f 6 'y)*. 

11. Prove that a6c+2/s-A-a/*-6^*-cA*, i.e. the determinant 


h b f 
9 J c 


IS an invariant of the quadratic form ax^-\-by* + cz'^ + 2fyz-\-2gzx+2hxy, 
and find two joint-mvariants of this formandoftheforma'x*+...-f 2 A'x 3 /. 



INVARIANTS AND COVARIANTS 


181 


Note. These joint-invariants, usually denoted by 0,0', 

0 = a'A+b'B + c’C-\-2J'F-\-2g'a+2h'H, 

0' = aA' -\-cC' + 2fF' + 2gQ'+2hH\ 

where A, A\.i. denote co-factors of a, a',... in the discriminants A, A', 
are of some importance in analytical geometry. Compare Somerville, 
Analytical Conics, chapter xx. 

12. Find a joint-invariant of the quadratic form 

ax* + by* -|- cz* -f 2/yz -j- 2gzx -f- 2}txy 

and the linear form lx-\-my-\-nz. What is the geometrical significance 
of this joint-invariant? , 

Prove that the second joint-invariant, indicated by 0' of Example 11, 
is identically zero. 

13. Prove that 



1* 


Im 

m* 

= (tin' 


211' 

Im'+l'm 

2mm' 



V* 


I'm' 

m'* 


14. Prove that 






1 

1 

d*u 

b*u 

b*u 



‘cx* 

bx^by 

bx*by* 



a*u 

<)*u 

b*u 



dx*by 

bx*by* 

bx'Cy* 



d*u 

b*u 

b*u 



dx*by* 

bxby* 

by* 1 


is a covariant of a form u whose degree exceeds 4 and an invariant of a 
form u of degree 4. 

Hint. Multiplication by the determinant of Example 13 gives a 
determinant whose first row is [x = IX-^mY, y = I'X + m'Y] 

c*u d*u b*u 

bX*bx* bXbYbx* bVdx* ■ 

I— -\-V — \ » and so on. 

cx cyf cX “ 

A multiplication of the determinant just obtained by that of Example 
13 will give a determinant whoso first row is 

2*u <)*u d*u 

dX* dX*dY dX*bY*‘ 

Hence x = MX multiplies the initial determinant by 

16. Prove that act-^2bcd—ad*--b*e—c*, i.o. 

a 6 c 
bed 
c d e 

is an invariant of (a,b,c,d,e,){x,y)*. 
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16. Prove that 

^VV 

Vzz ^VV 

^zx Wxir ^vv 

is a covariant of tfie forms u, v, tv. 

Hint. The multiplying factor is [JVf[®. 

3. Properties of invariants 

3.1. Invariants are homogeneous forms in the coeffi¬ 
cients. Let /(flo,..., a,„) be an invariant of 

Let the transformation x = MX change u into 

Then, whatever M may be, 

-^m) ~ ®m)> (^) 

the index s being independent of M. 

Consider the transformation 

wherein \M\ — A". 

Since u is homogeneous and of degree k in x„, the values 
of Aq,..., are, for this particular transformation, 

Hence (1) becomes 

/(aoA^.... = A'-^K,.... aj. (2) 

Tliat is to say, / is a homogeneousf function of its arguments 

« 0 ) ”» degree is q, A^*? = A”®, a result which proves, 

further, that 5 is given in terms of A-, g, and n by 

s — kq/n. 

3.2. Weight: binary forms. In the binary form 

the suffix of each coefficient is called its weight and the 
weight of a product of coefficients is defined to be the sum of 

t The result is a well-known ono* If tho reader docs not know the result, a 
proof can bo obtained by assuming that / is tho sum of /j, each homo- 

gonoous and of degrocs ji, and then showing that tho assumption con* 

tradicts (2)* 
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the weights ofits constituent factors. Thus is of weight 

A polynomial form in the coefficients is said to be isobaric 
when each term has the same weight. Thus —of is isobaric, 

for apOg weight 0-|-2, and a\ is of weight 2x1; we refer 
to the whole expression — a\ as being of weight 2, the 
phrase implying that each term is of that weight. 


3.3. Invariants of binary forms are isobaric. Let 
/(flo,..., af.) be an invariant of 

k 




r-0 


(3) 


and let / be a polynomial of degree q in Uq,..., a,.. Let the 
transformation x = il/X change u into 


r-^0 


(4) 


Then, by §3.1 (there being now two variables, so that n — 2), 

whatever the matrix M may be. 

Consider the transformation 


X = X, y = AT, 

for which \M\ — A. The values of Aq,..., are, for tliis parti¬ 
cular transformation, 

U0, U|A, ^^A, •••> ^ k^' * 

That is, the ’power of A associated with each coefficient A is equal 
to the weight of the coefficient. Thus, for this particular trans¬ 
formation, the left-hand side of (5) is a polynomial in A such 
that the coefficient of a power A"’ is a function of the a’s of 
weight w. But the right-hand side of (5) is merely 

A*^ff/(ao,..., flfc), (6) 

since, for this particular transformation, \M\ = A. Hence the 
only power of A that can occur on the left-hand side of (5) is 
Al*« and its coefficient must be a function of the a’s of weight 
\kq. Moreover, since the left-hand and the right-hand side of 
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(5) are identical, this coefficient of on the left of (6) must 

be l{QlQy.,.y O/f). 

Hence is of weight \kq. 


3.4. Notice that the weight of a polynomial in the a’s must 
be an integer, so that we have, when /(ap,..., a^) a, polyrumial 
invariant of a binary form, 

/(i4p,..., Af^) = |3/|*/(aEQ,,.., (7) 

s — \kq, 

and Ikq = weight of a polynomial = an integer. 
Accordingly, the « of (7) must be an integer. 


3.5. Weight: forms in more than two variables. In -he 


form (§1.3) 




( 8 ) 


the suffix A (corresponding to the power of in the term) is 
called the weight of the coefficient and the weight of 

a product of coefficients is defined to be the sum of the weights 
of its constituent factors. 

Let l{a) denote a polynomial invariant of (8) of degree q in 
the a’s. Let the transformation x = MX change (8) into 



Then, by §3.1, I{A) = (10) 

whatever the matrix M may be. 

Consider the particular transformation 


for which |J/| ^ A. Then, by a repetition of the argument of 
§3.3, we can prove that 1(a) must be isobaric and of weight 
kql?i. Moreover, since the weight is necessarily an integer, kqjn 
must be an integer. 


Examples XIV b 

tiXamples 2-4 ore the extensions to covariants of results already 
proved for invariants. The proofs of the latter need only slight modi- 
fication. 
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1. If C{a,x) is a covariant of a given form «, and C(a,x) is a sum of 
algebraic forms of different degrees, say 

C(a,x) = + + 

where the index m denotes degree in the variables, then each separate 
term C{a, x)® is itself a covariant. 

Hint, Since C{a,x) is a covariant, 

C{A,X) = \M\»C(a,x). 

Put Xi x^t for X,. x„ and, consequently, X^t for Xj,..., 

Theresultis ^ = IM\‘ 

r r 

Each side is a polynomial in I and we may equate coefficients of like 
powers of /. 


2. A covariant of degree m in the variables is liomogeneous in the 
coefficients. 

Hint. Tlie particular transformation 

Xj “ AAj, x„ — AA„ 
gives, as in §3.1, C(oA*,X)® = A«*C(a,x)® 

i.o. A-«C(aA*,x)® = A«C(a, x)^ 

This proves the required result and, furtlier, shows that, if C is of degree 
q in the coefficients a, 


or kq = na-\-vr. 

3. If in a covariant of a binary form in x, y wo consider x to have 
weight unity and y to have weight zero (x* of weight 2, etc.), then a 
covariant C(a, x)®, of degree q in the coefficients a, is isobaric and of 
weight Hkq-i-m). 

Hint. Consider the particular transformation, x = X, y — XY and 
follow the lino of argument of § 3.3. 


4. If in a covariant of a form in Xj. x„ we consider X;. x„_| to 

have unit weight and x„ to have zero weight (x,x,x„ of weight 2, etc.), 
then a covariant C(a,x)®, of degree q in the coefficients a, is isobaric 
and of weight {kq + (n — 1 )jn}ln. 

Hint. Compare § 3.6. 


3.6. Invariants of a covariant. IjQt w(a,x){j be a given 

form of degree k in the n variables Xi . x,j. Let be 

a covariant of u, of degree m in the variables and of degree q 
in the coefficients a. The coefficients in C(a,x)“ are not the 
actual a*B of u but homogeneous functions of them. 

«<a B b 
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The transformation x = ifX changes uia^z) into u{A,X) 
and, since (7 is a covariant, there is an ^ such that 

CiA,X)^= \MYC{a,x)^. 

Thus the transformation changes a:)® into \M\-’C{AjXy°, 
But C is a homogeneous function of degree q in the a’s, and 
so also in the A ’s. Hence 


C{a,x)^ = \M\-’C{A,X)'” = C{A\M\-^KX)^. ( 11 ) 

Now suppose that 7(6) is an invariant of v(6,a:), a form of 
degree m in n variables. That is, if the coefficients are indi¬ 
cated by B when v is expressed in terms of AT, there is a i for 

I{B) = |J»/|'/(6). (12) 

Take v{b,x) to be the covariant C{a,xY°\ then (11) shows 
that the corresponding B are the coefficients of the terms in 
C{A\M\-^l^,X). 

If 7(6) is of degree r in the 6, then when expressed in terms 
of a it is 7i(o), a function homogeneous and of degree rq in the 
coefficients a. Moreover, (12) gives 

or, on using the fact that 7j is homogeneous and of degree rq 

in the o, \M\-r%(A) ^ \M\%(a). 

That is, 7i(a) is an invariant of the original form u{a,x). 

The generalities of the foregoing work are not easy to follow. 
The reader should study them in relation to the particular 
example which we now give; it is taken from §2.5. 

u{a,xf ~ a^3^^Za^x’^y-\-Za^xy'^+a^y^ 
has a covariant 


C{a,z)^ — 

Being the Hessian of u, this covariant has a multiplying factor 
that is to say, 

{AoA2—AI)X~~\-... = bl7[2{(ajja2— 


or 




A. A 


\M\ \Ml 

which corresponds to (11) above. 




(11a) 
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But if X = J/X changes the quadratic form 

into Bo X2+ 2B, XF + Y^, 

then \M\^{b^b.-b\). (12a) 

Take for the 6’s the coefficients of (11a) and we see that 

\M\-*{{A^A^-Al){A^A:,-Al)-l{A^A^-A,A,y} 

= lAft2{(aoa2 —«i)K« 3—"D —iK«3—aia2)“}> 
which proves that (9) of §2.5 is an invariant of the cubic 

3.7, Covariants of a covariant. A slight extension of the 
argument of § 3.6, using a covariant C(6, x)^ of a form of degree 
to- in n variables where §3.6 uses 1(b), will prove that C(6 ,x)® 
gives rise to a covariant of the original form u{a,x). 

3.8. Irreducible invariants and covariants. If 1(a) is an 
invariant of a form u{a,x)f^, it is immediately obvious, from the 
dehnition of an invariant, that the square, cube,... of 1 (a) are 
also invariants of u. Thus there is an unlimited number of 
invariants; and so for covariants. 

On the other hand, there is, for a given form u, only a finite 
number of invariants which cannot be e.xpressed rationally and 
integrally in terms of invariants of equal or lower degree. 
Equally, there is only a finite number of covariants whicli can¬ 
not be expressed rationally and integrally in terms of invariants 
and covaiiants of equal or lower degree in the coefficients of ii. 
Invariants or covariants wliich cannot be so expressed are called 
irreducible. The theorem may then be stated 

*The number of irreducible covarianls and invariantu of a given 
form ia finite. * 

This theorem and its extension to the joint covariants and 
invariants of any given system of forms is sometimes called the 
Gordan-Hilbert theorem. Its proof is beyond the scope of the 
present book. 

Even among the irreducible covariants and invariant.s there 
may be an algebraical relation of such a kind that no one of 
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its terms can be expressed as a rational and integral function 
of the rest. For example, a cubic u has three irreducible co¬ 
variants, itself, a covariant G, and a covariant H\ it has one 
irreducible invariant A: there is a relation connecting these 
four, namely, ^^2 = (? 2 _^ 4/^3 

We shall prove this relation in §4.3. 


4. Canonical forms 

4.1. Binary cubics. Readers will be familiar with the device 

of considering ax^-^-^hxy-^-by^ in the form obtained 

by writing 

/ h f h^\ 
:-~{-2hxy~\-by^ = a\x-^-y\ — 


ax 


and making the substitution X = x-^{hja)y, Y — y. The 
general quadratic form was considered in Theorem 47, p. 148. 
We now show that the cubic 


Q 0 +3a 1 +302 ary-+ ^3 y ® 



may, in general, be written as the exceptions are 

cubics that contain a squared factor. 

There are several ways of proving this: the method that 
follows is, perhaps, the most direct. We pose the problem 

Ts it possible to find p, q, a, so that (1) is identically 

''I"”' v{x^<.yf+q(x+Py)^r (2) 

It is possible if, having chosen a and p, we can then choose 
p and q to satisfy the four equations 

P+9 = Oo- pa+9^ = \ (3) 

por-\-qP^ = 0.2, poL^-\-qp^ = Og. / 


For general values of Oq, Oj, a^, 03 these four equations cannot 
be consistent if a = We shall proceed, at first, on the 
assumption <x ^ 

The third equation of (3) follows from the first two if we can 
choose P, Q so that, simultaneously, 

ar;+F«i + (?«o == 0, aHFc.+ (? = 0, 
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The fourth equation of (3) follows from the second and third 
if P, Q also satisfy 

aa+Paa+^tti = 0, a{cc^-\-Poc+Q) - 0, Pp-\-Q) = 0. 

That is, the third and fourth equations are linear consequences 
of the first two if a, jS are the roots of 

P+P/+<? = 0, 

where P, Q are determined from the two equations 

a^-hPf^i+Qf^o — 

a3+Pa2+^Ui = 0- 

This means that a, p are the roots of 

(aoa2-a!)f='+(«ia2-«o«3)^+(«i«3-«2) = ® 

and, provided they are distinct, p, g can then be determined 

from the first two equations of (3). 

Thus (1) can be expressed in the form (2) provided tliat 

(aiUg— 0003 ) 2 — 4(00 

is not zero, this condition being necessary to ensure tliat a is 
not equal to p. 

We may readily see what cubics are excluded by the pro¬ 
vision that (4) is not zero. If (4) is zero, the two quadratics 

aox2+2aiXy+a2i/2^ 

aiX^+2a2Xij-\-a^y^ 

have a common linear factor ;t hence 

a^x^-\-2a^xy-\-a.,y^ a^x^-^da^x^^Sa^xy^-^-a^y^ 

have a common linear factor, and so the latter has a repeated 
linear factor. Such a cubic may be written as where X 

and Y are linear in x and y. 

t The reader wUl more readily recognize the argument in the form 

aoX*+2aiX + a, = 0 . aix>+2a,x + a, = 0 

have a common root; honco 

a^x*+2a|X+a, « 0, + + + ^ 0 

have a common root> and bo tho latter hoB a repeated root. K\ ory root common 
to /’(x) • 0 and = 0 ib a repeated root of the former- 
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4.2. Binary quartics. The quartic 

( 6 ) 

haa four linear factors. By combining these in pairs we may 
write (5) as the product of two quadratic factors, say 

a’f,x^-{-2h'xy-\-b'y\ aV+2h'’xy-Ji-b''y\ (6) 

Let us, at first, preclude quartics that have a squared factor, 
linear in x and y. Then, by a linear transformation, not neces¬ 
sarily real, we may write the factors (6) in the forms! 

y®, 0 ^ 2 + 2pXY-\-yYK 

By applying Theorem 48, without insisting on the transforma¬ 
tion being real, we can write these in the forms 

(7) 

Moreover, since we are precluding quartics that have a squared 

linear factor, neither Aj nor Ag is zero, and the quartic may be 
written as . . 

Ai^}+(Ai4-A2)XfA:|+A2X5. 

or, on making a final substitution 

-X^ = A}Xj, y = A5AL2, 
we may write tlie quartic as 

X*-\-fimX^Y^-\-Y*. (8) 

Thia is the canonical form for the general quartic. A quartic 

having a squared factor, hitherto excluded from our discussion, 
may be written as X^X^ X^-\-X^ Y*). 

.3. Application of canonical forms. Relations among 
the myanants and oovariants of a form are fairly easy to detect 
when the canomcal form is considered. For example, the cubic 

is known (§ 2.5) to have 

a covariant ^ = (a„a,-af):r2+... [(8) of §2.6], 

a covariant G — (Oo^a—3apai02+2a3)a:3_^ of§2.5], 

and an invariant 

with factors of a'a:»+2A'ay+6y 
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Unless A = 0 the cubic can, by the transformation X = x+ay, 
Y = x-\-^y of §4.1, be expressed as 

u = pX^-\-qY^. 

In these variables the covariants H and G become 

= pqXY, = p^qX^—pq^Y^, 

while Aj = p^q^. 

It is at once obvious that 

Now, \M\ being the modulus of the transformation x = 3/X, 

= \M\m, = \M\^G, Ai = \M\^A. 

The factor of // is |Af j* because H is a Hessian. The factor |M|’ of O 
is most easily determined by considering the transformation x = AX, 
y = AT, which gives = CqA* .A, = a,A’, so that 

(A2A3-3-4oA,A,+ 2Ai)X>+... 

= A*{(agaj —3aoataa+2aJ)x=*A-=* + ...} 

= A*((a2a, —Serial 02+2aJ)x’ + ...}, 

unti the multiplying factor is A*, or | Ai |^. 

The factor |Af j* of A may bo determined in the same way. 

Accordingly, we have proved that, unless A = 0, 

Au2=G2+4//3. (9) 

If A = 0, the cubic can be written as X^Y, a form for which 
both G and H are zero. 


5. Geometrical invariants 

5.1. Projective invariants. Let a point P, having homo¬ 
geneous coordinates x, y, z (say areal, or trilinear, to be definite) 
referred to a triangle ABC in a plane tt, be projected into the 
point P’ in the plane n'. Let A'B'C' be the projection on n of 
ABC and let x', y\ z' be the homogeneous coordinates of P' 
referred to A'B'C. Then, as many books on analytical geo¬ 
metry prove (in one form or another), there are constants I, m, n 


such that 



z — nz'. 
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Let X, Y, Z be the homogeneous coordinates of P' referred 
to a triangle, in other than A'B'C'. Then there are relations 

y* — 

z' = X^X-\-ii2 Y 4-^3 Z. 

Thus the projection of a figure in it on to a plane n gives 
rise to a transformation of the type 

X = liX-i-m^Y-^niZ, \ 
y = LX+mzY+n^Z, I (I) 

3 = l^X+mzY-^n^Z, J 

wherein, since a; = 0, ^ = 0, 3 = 0 are not concurrent lines, 
the determinant n^) is not zero. 

Thus projection leads to the type of transformation we have 
been considering in the earlier sections of the chapter. Geo¬ 
metrical properties of figures that are unaltered by projection 
(projective properties) may be expected to correspond to in¬ 
variants or covariants of algebraic forms and, conversely, any 
invariant or covariant of algebraic forms may be expected to 
correspond to some projective property of a geometrical figure. 

The binary transformation 


x^l^X^m^Y, y^LX+nizY, ( 2 ) 

may be considered as the form taken by (1) when only lines 
through the vertex C of the original triangle of reference are 
in question; for such an equation as ax^-\-2hxy-{-by^ = 0 corre¬ 
sponds to a pair of lines through C\ it becomes 


572 = 0, 

say, after transformation by (2), which is a pair of lines through 
a vertex of the triangle of reference in the projected figure. 

We shall not attempt any systematic development of the 
geometrical approach to invariant theory; we give merely a few 
isolated examples. 

The cross-ratio of a pencil of four lines is unaltered by pro¬ 
jection; the condition that the two pairs of lines 


ax^-\-2hxy~\-by^. 


o"a:2_{_ 2h'xy'\-b'y^ 
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should form a harmonic pencil is ab'-\-a'b — 2hh' — 0: this repre¬ 
sents a property that is unaltered by projection and, as we 
should expect, a6'+a'6—2^^' is an invariant of the two alge¬ 
braic forms. Again, we may expect the cross-ratio of the four 

to indicate some of the invariants of the quartic. The condition 
that the four lines form a harmonic pencil is 

J = ace-\-2bcd — adr — b^e—= 0 

and, as we have seen (Example 15, p. 181), J is an invariant 
of the quartic. The condition that the four lines form an eqiii- 
harmonic pencil, i.e. that the first and fourth of the cross-ratios 



(the six values arising from the permutations of the order of the 
lines) are equal, is 

/ = at —— 0. 


Moreover, I is an invariant of the quartic. 

Again, in geometry, the Hessian of a given curve is the locus 
of a point whose polar conic with respect to the curve is a pair 
of lines: the locus meets the curve only at the inflexions and 
multiple points of the curve. Now i)roper conics project into 
proijcr conics, line-pairs into line-pairs, points of inflexion into 
Ijoints of inflexion, and multiple points into multiple points. 
Thus all the geometrical marks of a Hessian are unaltered by 
projection and, as we should expect in such circumstances, the 
Hessian proves to be a covariant of an algebraic form. Simi¬ 
larly, the Jacobian of three curves is the locus of a point whose 
polar lines with respect to the three curves are concurrent; thus 
its geometrical definition turns upon projective properties of 
the curves and, as we should expect, the Jacobian of any three 
algebraic forms is a covariant. 

In view of their close connexion with the geometry of pro¬ 
jection, the invariants and covariants we have hitherto been 
considering are sometimes called projective invariants and co¬ 
variants. 

c c 
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5.2. Metrical invariants. The orthogonal transformation 

y = l^X+m2Y~\-n^Z, | (3) 

wherein ^nd are the direction- 

cosines of three mutually perpendicular lines, is a particular 
type of linear transformation. It leaves unchanged certain 
functions of the coefficients of 

ax'^-\~by'^-\-cz^-\-2jyz-\-2gzx-\-'2hx}j (4) 

which are not invariant under the general hnear transformation. 
If (3) transforms (4) into 

a^X‘^-\-b^Y^+c^Z'^-\-2f^YZ-^2g^ZX-{-2h^XY, (5) 

we have, since (3) also transforms x^-\-y~-{-z^ into 
the values of A for which (4) — A(x--|-y^-l- 2 ^) is a pair of linear 
factors are the values of A for which (5) — X{X^-\-Y^-{-Z^) is 
a pair of linear factors. These values of A are given by 


a— A h g 

= 0, ' 

aj— A 

K 

9i 

h 6-A / 


K 

6,-A 

h 

g f c-\ 


9i 

A 

Cj— A 


respectively. By equating the coefficients of powers of A in the 
two equations we obtain 

a+6-f-c = ai+6i-l-Ci, 

Bj-fCi {A = 6c—/2, etc.), 

A = Aj. 

where A is the discriminant of the form (4). That is to say, 
a+6-fc, bc-\-ca+ab—f^—g'—k^ are invariant under orthogonal 
transformation; they are not invariant under the general linear 
transformation. On the other hand, the discriminant A is an 
invariant of the form for all linear transformations. 

The orthogonal transformation (3) is equivalent to a change 
from one set of rectangular a.xes of reference to another set of 
rectangular a.xes. It leaves unaltered all properties of a geo- 
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metrical figure that depend solely on measurement. For 

is an invariant of the linear forms 

Ax+^xyH-(/ 2 , Ai x+/xi y-\~v^ z 

under any orthogonal transformation: for (6) is the cosine of 
the angle between the two planes. Such examples have but 
little algebraic interest. 

6. Arithmetic and other invariants 

6.1. There are certain integers associated with algebraic 
forms (or curves) that are obviously unchanged when the 
variables undergo the transformation x = J/X. Such are the 
degree of the curve, the number of intersections of a curve with 
its Hessian, and so on. One of the less obviousf of these arith¬ 
metic invariants, as they are called, is the rank of the matrix 
formed by the coordinates of a number of points. 

Let the components of x be x, y,..., z, n in number. Let m 
points (or particular values of x) be given; say 

(Xj,..., Zj), ..., (x^,..., z^). 

Then the rank of the matrix 


X 




m-* 


is unaltered by any non-singular linear transformation 

X = Jl/X. 

Suppose the matrix is of rank r (< yn). Then (Theorem 31) 
we can choose r rows and expres.s the others as sums of multiples 
of these r rows. For convenience of writing, suppose all rows 
after the rth can be expressed as sums of multiples of the first 
r rows. Then there are constants Ajj^,..., Xj.k such that, for any 
letter t of x,..., z, 

tf+k ~ 

f This also is obvious to anyono with sozno knowloclge of n^dimonsional 
geometry. 
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The transformation x = ifX has an inverse X = Jf-‘x or, 

infuU.say X = o,,x+...+c,„z, 

• ••••• 

Z = c„ia:+...+c^„z. 

Putting in suffixes for particular points 

(Xj,..., ^l), •••> (X,;,,..., 

and supposing that t is the jth letter of a:, y,..., z, we have 

^r+k~ 2 
ff = l 

— {^n^r+k~^^ 

Q-1 

By (1), the coefficient of each of is zero and hence 

(1) implies T,,, = \,T,+...+K,T,. (2) 

Conversely, as we see b}" using x = JJ/X where in the foregoing 
we have used X = il/"^x, (2) implies (1). By Theorems 31 and 
32, it follows that the ranks of the two matrices 


Xi . 

4 4 

• 2l' 

y 

■X, . 

♦ % 


^m- 


■ 

S 


are equal. 

6.2. Transvectants. We conclude with an application to 
binary forms of invariants which are derived from the con¬ 
sideration of particular values of the variables. 

Lei (^ 2 ’ 2 / 2 ) cogredient pairs of variables (x^y) 

each subject to the transformation 

x = lX-{-7ny\ y = rX+m'Y, (3) 

wherein |il/] = Im'—Vm. Then 

a , 3 „ a a a , , 0 

oX ax dy di dx dy 


the transformation being contragredient to (3) (compare Chap, 
X,§6.2). 


If now the operators 


a a a a 


operate on a function 
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of X^, Yi, X 2 , Y 2 and these are taken as independent variables, 
we have 


a a 


dXj^dY2 aY^ax 


2 


-( 


i-L+i'AV 


m 


ax. ayj\ ax. 


-\-m 




-( 


0 , , a \i 

m - ym -—II 


I 


dx 


&yj\ ax2 




' \dxi dy 2 ^yi dxj 


(4) 


ayi dx 

Hence (4) is an invariant operator. 

Let Ml, Vi be binary forms m, v when we put x = x^, y = y^, 
M 2 , V 2 the same forms m, v when we put x = X 2 , y = y^'y 
and U 2 i V 2 the corresponding forms when m, v are expressed in 
terms of X, Y and the particular values X,, l^i and Xg, Y 2 are 
introduced. Then, operating on the product f/j 1^, we have 

(A A-A - 'Hi-. 

and so on. That is, for any integer r, 


d'Uj;d^V2 

axi dYl 


_r—_ ^^2 __L 

dXl-^dYidX2dY^2~^^'' 


d'K 




+-V 


\dx\ ay\ ' ax^'^ayi dX2ay' 

These results are true for all pairs {x^,yi) and (Xj.ya). We 
may, then, replace both pairs by {x,y) and so obtain the 
theorem that 

(5) 


arv ^ a^u a'v 

ax^ dy^ ^ dxf-^dy dxdy^-^ 


is a covariant (possibly an invariant) of the two forms u and v. 
It is called the rth transvectant of u and v. 

Finally, when we take v = m in (5), we obtain covariants of 

the single form u. 
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This method can be made the basis of a systematic attack 
on the invariants and covariants of a given set of forms. 

7. Further reading 

The present chapter has done no more than sketch some of 
the elementary results from which the theory of invariants and 
covariants starts. The following books deal more fully with 
the subject: 

E. B. Elliott, An Introduction to the Algebra of QuarUics (Oxford, 1895). 
Grace and Young, The Algebra of Invariants (Cambridge, 1902). 
Weitzenbock, Invariantentheorie (Groningen, 1923). 

H. W. Turnbull, The Theory of Determinants^ Matrices, and Invariants 
(Glasgow, 1928). 


Examples XIV c 

1 . Write down the most general function of the coefficients in 
Oox’ + 3oia:*y+3ajxy*+ajy* which is (i) homogeneous and of degree 2 
in the coefficients, isobaric, and of weight 3; (ii) homogeneous and of 
degree 3 in the coefficients, isobaric, and of weight 4. 

Hint, (i) Three is the sum of 3 and 0 or of 2 and 1; the only terms 
possible are numerical multiples of a^a^ and a^o,. 

Ans. where a, )S are numerical constants. 

2. Wliat is the weight of the invariant 

I » ae—4bd-\-3c* of the quartic (a, 6 ,c,<i,e)(a;,j/)*? 

Hint. Rewrite the quartic as (aj,...,a 4 )(x,y)*. 

3. WTiat is the weight of the discriminant ja„j of the quadratic form 

aii^! + “M 2 : 2 -t-Oj 3 a:H 2 ai 2 Xi 3:2-1-20,30:8X3 + 2031X33:1? 

Hint. Rewrite the form as 





summed for a+jS+y = 2. Thus Oh = o,. 0 . 3 , 0 ,, = 

4. Write down the Jacobian of ax* + 2Axi/+6y*, a'x*+2h'xy-^b'y* and 
deduce from ii (§ 3.6) that 

{ab'~a’b)*-i‘4(ah'-a'h){bh'-b'k) 
is a joint-invariant of the two forms. 

5. Verify the theorem ‘When / is an invariant of the form 

(oq .a„){x.j/)«. 




+ (n—l)a 


3a, 

d 

*30i 


+ ... + Ofi 


dOn. 


> = 


0 . 

0 ,’ 
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in 60 fax as it relates to (i) the discriminant of a quadratic form, (ii) the 
invariant A (§ 4.3) of a cubic, (iii) the invariants 1, J (§ 5.1) of a quartic. 

6 . Show that the general cubic ax®4-36x*y+3cxi/* + dy® can be re¬ 
duced to the canonical form A by the substitution A = px-j-qy, 

Y = p'x+q'y, where the Hessian of the cubic is 

(ac— 6c)xt/ + (6d —c*)i/® = {px-\-qy){p'x-\-q'y). 

Hint. The Hessian of AX^+ZBX^Y-\^’iCXY*-\-DY^ reduces to 
AY: i.e. AC — B*, BD — C*. Provo that, if A #0, either B = C = 0 
or the form is a cube; if A = 0, then B = C = 0 and the Hessian is 


identically zero. 

7. Find the equation of the double lines of the involution determined 
by the two line-pairs 

ax^ + 21ixy-\-by^ = 0 , a'x= + 2 /('a:y + 6 V = 0 
and prove that it corresponds to a covariant of the two forms. 

Hint. If the line-pair is + + = 0, then, by the usual 

condition for harmonic conjugates, 

abi-\-aib — 2/iA, = 0, a'6i+a, 6'—2/i/ij = 0. 

8 . If two conics S, S' are such that a triangle can be inscribed in S' 
and circumscribed to S, then the invariants (Example 11, p. 180) 
A, 0,0', A' satisfy the relat ion O'* = 4A0' independently of the choice of 

triangle of reference. 

Hint. Consider the equations of the conics in the forms 

X « 2Fmn-f 2(7w; + 2//Zm = 0. 


S' = 2f'yz + 2g'zx-i-2h'xy = 0. 


The general result follows by linear transformation. 

9. Prove that the rank of the matrix of the coemcients a„ of m linear 
forma 


'rl 


Xi-\-■•• + Ofn^n ^. 


in n variables is an arithmetic invariant. 


10. Prove that if are transformed into (A%,y^, Z,) by x — iWX, 

then the determinant [xj y, 2 ,| is an invariant. 

11. Provo that the nth transvectant of two forms 

(a,. a„){x,yr, {b„ . b„){x,yr 

is linear in the coefficients of each form and is a joint-invariant of the two 
forms. It is called the lineo-linear invariant. 

Ana. ao 6 „—na| 6 „_,+ in(n— l)a, 6 „_,+ ... • 

12. Prove, by Theorems 34 and 37, that the rank of a quadratic form 
is unaltered by any non-singular linear transformation of the variables. 
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1. Introduction 

1.1. Vectors in three dimensions. In tliree-dimensional 
geometry, with rectangular axes ^ vector 

5 = OP has components 

^ 2 » ^s)* 

these being the coordinates of P with respect to the axes. The 
length of the vector ? is 

i?l = (1) 

and the direction-cosines of the vector are 


^2 ^3 

151 ’ 151 ’ 151 ’ 

Two vectors, § witli components (ii,i 2 >is) t) with com¬ 
ponents (r^i, 7J2, rjg), are orthogonal if 

^l’?l + f2’72 + f3^3 = ^- (2) 

Finally, if ej, Og, and Cg have components 

( 1 , 0 , 0 ), ( 0 , 1 , 0 ), and ( 0 , 0 . 1 ), 

a vector % with components (^i, ^ 2 . ^a) niay be written as 


5 — ®2'l"^3®3* 

Also, each of the vectors Cj, Cg, Cg is of unit length, by (1), and the 
tliree vectors are, by ( 2 ), mutually orthogonal. They are, of 
course, unit vectors along the axes. 


1.2. Single^column matrices. A purely algebraical pre¬ 
sentation of these details is available to us if we use a single¬ 
column matrix to represent a vector. 

A vector OP is represented by a single-column matrix ? whose 
elements are fg, ^ 3 . The length of the vector is defined to be 

( 1 ) 

The condition for two vectors to be orthogonal now takes a purely 
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matrix form. The transpose of ^ is a single-row matrix with 
elements ^ 2 » ^3 


5'’l = [fl ^2 


is a single-element matrix 



Vi 

I 2 

.Vs. 


^2 + ^3 ^ 3 ]- 

The condition for % and irj to be orthogonal is, in matrix notation, 


%'ri - 0 . ( 2 ) 

The matrices e^, eg, 63 are defined by 


T 

62 = 

O' 

5 ®3 - 

O' 

0 


1 


0 

0 


. 0 . 


1 


they are mutually orthogonal and 

? = 61 + ^262+^3^3. 


The change from three dimensions to n dimensions is im¬ 
mediate. With n variables, a vector ^ is a single-column matrix 
with elements t t t 

The length of the vector is defined to be 

\l\ = 

and when = 1 the vector is said to be a unit vector. 

Two vectors % and t) are said to be orthogonal when 

^l’7l+f2’?2+"-+^.. ’J/i = 

which, in matrix notation, may be expressed in either of the two 

= 0 , r)'| = 0 . (5) 

In the same notation, when % is a unit vector 


1 - 

Here, and later, 1 denotes the unit single-element matrix. 

Finally, we define the unit vector e,. as the single-column 
matrix which has unity in the rth row and zero elsewhere. With 


t Note the order of rniiltiplicutiofA; wo run form llio product AH only when 
the number of columns of A in equal to the nuinber of row« of B (of, j>- 73) and 
hence we cannot form the product h 
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this notation the n vectors e,. (r = are mutually ortho- 

gonal and ^ ^ 


1.3. Orthogonal matrices. In this subsection we use x, 
to denote a vector, or single-column matrix, with elements 


Theorem 59. Ut Xi,X 2 ,...,x„ be mntwilly orthogonal unit 
vectors. Then the square matrix X whose columns are the n vectors 
Xi, Xg,..., x„ is an orthogonal matrix. 

Proof. Let X' be the transpose of X. Then the product X'X is 


Xll 

^21 • 

. . a:„i 

• • 

• • « 

X2r . 

• • • 

* • ^nr 

• • 

^2k • 

« • * 

• • ^nn 



^11 

• ♦ ♦ ^1$ 

. . . X 

Xii 

• • 

* • • ^2s 

• • • • • 

... a: 

• ♦ • • 

• • 

.a:„i 

« • • • « 

. . . Xf^g 

• • • • 

... a: 


In 

2n 


nn J 


The element in the rth row and sth column of the product is, on 
using the summation convention. 


When s = r this is unity, since x, is a unit vector; and when 
s ^ r this is zero, since the vectors x^ and Xg are orthogonal. 
Hence ^ 

the unit matrix of order n, and so X is an orthogonal matrix. 


Aliter. (The same proof in different words.) 
A' is a matrix whose columns are 









while A" is a matrix whose rows are 

Xj,..., Xf,..., 

The element in tlie rth row and sth column of the product X'X 
is x',.Xs (strictly the numerical value in this single-element 
matrix). 

Let r ^ s\ then x^x, = 0, since x, and are orthogonal, 
t,et r = s\ then x^x, = x', x^ = 1, since x^ is a unit vector 
Hence X'X = I and X is an orthogonal matrix. 
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Corollary. In the transformation yj — or % = Xti, 
[X' = let y] = Yr when ^ = x^. Then y, — e^. 

Proof. Let Y be the square matrix whose columns are yi,..., y^. 
Then, since y, = X'x,. and the columns of X are Xi,..., x„, 

Y = X'X = I. 

Since the columns of I are the result is established. 

1.4. Linear dependence. As in § 1.3, x,. denotes a vector 
with elements 

The vectors Xj,..., x„ are linearly dependent if there are numbers 
not all zero, for which 

Xi + ... + ^„x„. = 0. (1) 

If (1) is true only when are all zero, the vectors are linearly 

independent. 

Lemma 1. Ofanysetofveciorsatmostnarelinearhjiiidepemient 

Proof. Let there be given n-{-k vectors. Let A be a matrix 
having these vectors as columns. The rank r of .4 cannot exceed 
n and, by Theorem 31 (with columns for rows) we can select r 
columns of A and express the others as sums of multiples of the 
selected r columns. 

Aliter. Let Xj.x„ be any given set of linearly independent 

vectors; say „ 

X, («=l,...,w)- (-) 

r-l 

The determinant |X| = ^ 0, since the given vectors are 

not linearly dependent. LetX„ be the cofactorofin X; then, 
from (2), 

2 X„ X, = Xe^ (r = 1.n). (3) 

Any vector x^, (p > n) must be of the form 
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Lemma 2. Any n muhtally orthogonal unit vectors are linearly 
independent. 

Proof. Let be mutually orthogonal unit vectors. 

Suppose there are numerical multiples for which 

K\Xi-\-...+k^X^ = 0. (4) 

Pre-multiply by x', where s is any one of Then 

and hence, since x^x^ — 1, = 0. 

Hence (4) is true only when 

ki = ... = k^ = 0 . 

Aliter. By Theorem 59, X'X = I and hence the determinant 
jXI = ±\. The columns Xi,...,x„ of X are therefore linearly 
independent. 

2. Latent vectors 

2.1. Deiinition. We begin by proving a result indicated, 
but not worked to its logical conclusion, in an earlier chapter.f 

Theorem 60. Let A be a given square matrix of n rows and 
columns and A a numerical constant. The matrix equation 

Ax = Ax, (1) 

in which x is a single-column matrix of n elements, has a solution 
with at least one elernent of x not zero if and only if A is a root of the 
equation 1^-A/| = 0. (2) 

Proof. If the elements of x are^i, matrix equation 

(1) is equivalent to the n equations 

n 

= Hi 

These linear equations in the n variables have a non¬ 

zero solution if and only if A is a root of the equation [Theorem 11 ] 


a„-A 

®12 

• 

s 

• 

«ln 

= 0, 

(3) 

^21 

®22 — ^ 

• 


• 





• • 

^n2 

« 

• 

# 

4 

• 

• 

9 4 

^nn-^ 




and (3) is merely (2) written in full. 

t Chapter X, § 7. 
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Definition. The roots in A of \A —XI \ = 0 are the latent roots of 
the matrix A ; when X is a latent rooty a non-zero vector x satisfying 

Ax = Ax 

is a LATENT VECTOR of A Corresponding to the root X. 

2.2. Theorem 61. Let x^andx^helatenX vectors thai correspond 
to two distinct latent roots A, and X^of a matrix A. Then 

(i) X, and x, are always linearly independent, and 

(ii) when A is symmetrical, x^ a)id x, are orthogonal. 

Proof. By hypothesis, 

= A, x„ ^x, = A,x,. (I) 

(i) Let ky, kg be numbers for which 

kr^r-^kgXg = 0. {2) 

Then, since AXg = A, x„ (2) gives 

Ak,x, = -XgikgXg) = Xg{k,.x,), 
and so, by (I), k^X,x, = k^X^x,. 

That is to say, when (2) holds, 

kr{X,~Xg)x, = 0 . 

By hypothesis x,. is a non-zero vector and A,. ^ A^. Hence 
k,. = 0 and (2) reduces to kg x, = 0. But, by hypothesis, x^ is a 
non-zero vector and therefore k, = 0. 

Hence (2) is true only if k^ ^ kg ^ 0; accordingly, x,. and 
are linearly independent vectors. 

(ii) Let A' ~ A. Then, by the first equation in (1), 

x;^x, = x;a,x,. (3) 

The transpose of the second equation in (1) gives 

KA' = XgX'g, 

and from this, since A' — A, 

XgAx, = XgX'gX,. (4) 

From (3) and (4), (A,.—A„)xi x,. = 0, 

and so, since the numerical multiplier A,.—A, ^ 0, x' x,. = 0. 
Hence Xf. and x, are orthogonal vectors. 
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3. Application to quadratic forms 

We have already seen that (of. Theorem 49, p. 153): 

A real quadratic form %'A^ in the n variables 
reduced by a real orthogonal transformation 

to the form Aj H-Ag T 7 |-f... 4 -A„ t;®, 

wherein Ai,...,A„ are the n roots of |A—A7| = 0. 

We now show that the latent vectors of ^ provide the columns 
of the transforming matrix X. 

3.1. When A has n distinct latent roots. 

Theorem 62. Let A be a real symmetrical matrix having n 
distinct latent roots Ai,...,A„. Then there are n distinct real unit 
latent vedors Xj,..., correspoTiding to these roots. If X is the 
square matrix whose columns are Xi,.,., x,^, the transformation 

l = Xyi 

from variables to variables is a real orthogonal 

transformation and 

%’A% = Aj lyf+Aa 7;i+-.H-A„ t?®. 

Proof. The roots Ai,...,A„ are necessarily real (Theorem 45) 
and so the elements of a latent vector x,. satisfying 

^x, = \x, (1) 

can be found in terms of real numbersf and, if the length of any 
one such vector is Ir, the vector is a real unit vector satis¬ 
fying (1). Hence there are n real unit latent vectors Xj,..., x„, and 
the matrix A' having these vectors in its n columns has real 
numbers as its elements. 

Again, by Theorem 61 , x,. is orthogonal to x^ when r ^ s and, 
since each is a unit vector, 

x; X. = (2) 

where 8,, = 0 when r s and S„. — 1 (r = l,...,n). As in the 

t \Vhen IB a solution and a is any number* real or complex, is also a 
solution. For our present purposes, we leave aside all complex values of 
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proof of Theorem 59, the element in the rth row and «th column 
of the product X*X is whence 

X*X = / 

and X is an orthogonal matrix. 

The transformation 1^ = Xr\ gives 

= ri'X'AXn ( 3 ) 

and the discriminant of the form in the variables is the 

matrix X'AX. Now the columns of ..<4X are AXi,...,Ax„, and 
these, from (1), are Aj x„...,A„ x„. Hence 

(i) the rows of X' are x'„..., x;,, 

(ii) the columns of AX are Aj Xj,..., A„ x„ and the element in 
the rth row and sth column of X'AX is the numerical value of 

\ — K = K Ks> 

by (2). Thus X'AX has A|,...,A„ as its elements in the principal 
diagonal and zero elsewhere. The form v)'(A"^.Y)ti is therefore 

\ V2 + —+K vl- 

3.2. When A has repeated latent roots. It is in fact true 
that, whether \A —A/| = 0 has repeated roots or has all its 
roots distinct, there are always n mutually orthogonal real unit 
lalenl vectors x,,..., x„ of the symmetrical matrix A and, X being 
the matrix with these vectors as columns, the transformation ^ = A*tj 
is a real orthogonal transformation that gives 

\’A% = Aj ril, 

wherein Aj,..., A„ are the n roots {some of them possibly equal) of the 
characteristic equation |yl—A/| = 0. 

The proof will not be given here. The fundamental difficulty 
is to provef that, when Aj (say) is a /r-ple root of |.d—A/| = 0, 
there are k linearly independent latent vectors corresponding 
to Aj. The setting up of a system of n mutually orthogonal unit 

t Quart. J. Math. (Oxford) 18 (1947) 163-5 gives a proof by J. A. Todd; 
another treatment is given, ibid., pp. 186-02, by W. L. Ferrar. Numerical 
examples are easily dealt with by actually Ending the vectors; see Examples 
XV, 11 and 14. 
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vectors is then effected by Schmidt’s orthogonalization processf 
or by the equivalent process illustrated below. 

Let yj, y^, Yz be three given real linearly independent vectors. 
Choose A'l so that is a unit vector and let Xj = k^ y^. Choose 
the constant a so that 

x;(y2+«Xi) = 0; (1) 

that is, since xi x^ = I, a = — x^yg-J 

Since y^ and x^ are linearly independent, the vector yg+aXj 
is not zero and has a non-zero length, I 2 say. Put 

Then Xg is a unit vector and, by (1), it is orthogonal to x^. 

Now determine /3 and y so that 

xi(y34-i3Xi+yX2) = 0 (2) 

and xi(y 3 -hj 3 Xi+yX 2 ) = 0. (3) 

That is, since and Xg are orthogonal, 

P = -xiys, y = -Xaya. 

The vector y^-^-pXi+yXo ^ 0 , since the vectors y^ yj, y^ are 
linearly independent: it has a non-zero length aiid with 

X 3 = ^3“My3'|-^X, + yX2) 

we have a unit vector Avhich, by (2) and (3), is orthogonal to Xj 
and X.,. Thus the three x vectors are mutually orthogonal unit 
vectors. 

Moreover, if Vj, yj, y^ are latent vectors corresponding to the 
latent root A of a matrix A, so that 

^yi = Ayi, '‘iy2 = ^y2. -lya^Aya, 

then also 

./IXj = AXj, .-IX2 = AXg. ^Xg = AXg 

and Xj, X 2 , X 3 are mutually orthogonal unit latent vectors 
corresponding to the root A. 

t VV. L. Forrar, Finite .yatriceM, Tltcorcin 2ft. p. I3ft. 

} More precisely, a is tlie numerical value of the element in the single-entry 
matrix —x[y,. Both xjx, and xjyj ore single-entry matrices. 
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4. Collineation 

Let 5 be a single-column matrix with elements and 

so for other letters. Let these elements be the current coordinates 
of a point in a system of n homogeneous coordinates and let A 
be a given square matrix of order n. Then the matrix relation 

y = AK (I) 

expresses a relation between the variable point x and the variable 
point y. 

Now let the coordinate system be changed from ^ to irj by 
means of a transformation 

where T is a non-singular square matrix. The new coordinates, 
X and Y, of the points x and y are then given by 

x= TX, y = TY. 

In the new coordinate system the relation (1) is expressed by 

TY = ATX 

or, since T is non-singular, by 

y = T~^ATX. (2) 

The effect of replacing .4 in (1) by a matrix of the type T~^A T 
amounts to considering the same geometrical relation expressed 
in a different coordinate system. The study of such replace¬ 
ments, A by T~^AT, is important in projective geometry. Here 
we shall prove only one theorem, the analogue of Theorem 62, 

4.1. When the latent roots of A are all distinct. 

Theorem 63. Let the square yjiatrix A , of order n, have n distinct 
latent roots Aj,..., A„ ami let tj,..., t„ be corresponding latent vectors. 
Let T be the square matrix having these vectors as columns. Then'f 

(i) T is non-singular, 

(ii) T-MT = diag{A,....,A„). 

Proof, (i) We prove that T is non-singular by showing that 
ti.t„ are linearly independent*. 

t The KOTATIOH diag(A 2 p.».» Afi) indicator a matrix whose olomente are 
Afi in the principal .diagonal and sere everywhere else. 
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Let kiy...,k„ be numbers for which 
Then, since At„ = A„t„, 

That is, since At,. = for r = l,...,n—1, 

^i(Ai—A„)ti+... + A:„_i(A„_x—A„)t„_j = 0. 


Since Ai,...,A„ are all different, this is 

Cifciti+...+Cn-i A-„_it„_i = 0, (2) 

wherein all the numbers Ci,...,c^_x are non-zero. 

A repetition of the same argument with n— \ for n gives 


di^‘itx + ...+d„_2^‘n-2t«-2 — 

wherein di,...,d „_2 are non-zero. Further repetitions lead, step 
by step, to ^ ^ 0 

By hypothesis, tj is a non-zero vector and therefore k^ = 0. 
We can repeat the same argument to show that a linear rela- 

fratg-f.-.-f = 0 

implies Arg = 0; and so on until we obtain the result that (1) holds 

k, = i, =... = i„ = 0. 

This proves that are linearly independent and, these 

being the columns of T, the rank of T is » and T is non-singular, 
(ii) Moreover, the columns of A T are 


A| tj,..., t„. 

Hencef = Txdiag(Ai,..., A„) 

and it at once follows that 


T~^AT = diag(Ai.A„). 

4.2. When the latent roots are not all distinct. If A 
is not symmetrical, it does not follow that a i‘-ple root of 
|.<4—A/| = 0 gives rise to k linearly independent latent vectors. 

t If necessarj’, work out the matrix product 
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If it so happens that A has n linearly independent latent vectors 
ti,..., t„ and T has these vectors as columns, then, as in the proof 
of the theorem, 

T-MT = diag(Ai,....A„) 

whether the A’s are distinct or not. 

On the other hand, not all square matrices of order n have n 
linearly independent latent vectors. We illustrate by simple 
examples. 

^ [o !]■ 

The characteristic equation is (a—A)^ = 0 and a latent vector x, 
with components and Xg, must satisfy Ax = ax; that is, 

aXi+Xg = otXi, 0X2 — otXg. 

From the first of these, x^ = 0 and the only non-zero vectors 
to satisfy .dx = ax are numerical multiples of 


(ii) Let 


‘ l; :]■ 


A latent vector x must again satisfy Ax — <xx. This now re¬ 
quires merely 

otXi = aXj, 0X2 = otXj. 

The two linearly independent vectors 


0 


e. ^ fO 


and, indeed, all vectors of the form XiCj+Xgea are latent 
vectors of A. 


5. Commutative matrices and latent vectors 

Two matrices A and B may or may not commute; they may 
or may not have common latent vectors. We conclude this 
chapter with two relatively simple theorems that connect the 
two possibilities. Throughout we take A and B to be square 
matrices of order n. 
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5.1. Let A and B ha-v e n linearly independent latent vectors 

in common, say Let T be the square matrix having 

these vectors as columns. 

Then tj,..., are latent vectors of A corresponding to latent 
roots Aj,..., A„, say, of A ; they are latent vectors of B correspond¬ 
ing to latent roots say, of B. As in § 4.1 (ii), p. 210, 

the columns of AT are (r = l,...,n), 

the columns of BT are (r = l,...,n), 

and, with the notation 

L = diag(Ai,...,A„), M = diag(/xi,...,p„), 

AT = TL, BT = TM, 

That is T-^AT = L. T-^BT = M, 

It follows that 

T-iaTT-^BT = LM = A/L = T~^BTT’^AT, 
so that T~^ABT = T-^BAT 

and, on pre-multiplying by T and post-multiplying by T“‘, 

AB = BA. 

We have accordingly proved 

Theorkm‘64. Two matrices of order n with n linearly indepeU' 
deyU latent vectors in common are commviative. 

5.2. Now suppose that AB = BA. Let t be a latent vector 
of A corresponding to a latent root A of Then At = At and 

ABt = BAt = B\t = A/?t. (1) 

When B is non-singular ^ 0 and is a latent vector of A 
corresponding to A. [£t = 0 would imply t = B~^Bt = 0.] 

If every latent vector of A corresponding to A is a multiple of 
t, then Bt is a multiple of t, say 

Bt = At, 

and t is a latent vector of B corresponding to the latent root 
k of B. 

If there are m, but not more than ?n,t linearly independent 
latent vectors of A corresponding to the latent root A, say 

t„,, 

t By § 1.4, m <; n. 
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then, since At^ = At, (r = 

provided that k^y...yk„^ are not all zero, 

fci ti-f.t,,, (2) 

is a latent vector of A corresponding to A. By onr liypothesis 
that there are not more tlian such vectors which are linearly 
independent, every latent vector of A corresponding to A is of 
the form (2). 

As in (1), ABty. = ABt, (r = l,...,nO 

80 that Bt, is a latent vector of A corresponding to A; it is there¬ 
fore of the form (2). Hence there are constants such that 


m 


Bt, = O' == l.-.^)- 

5-1 


For any constants 

m mm ^ / £1 , . \ 

B 1 Ir^r -101 = 22 Of^’srjts. 

r-l r-1 •-! «-l 

Let 0 be a latent root of the matrix 


K = 


. • A j 


m 


mm J 


Then there are numbers (not all zero) for which 


1 = ei, {s = \,...,7n) 

r-l 

and, with this choice of the 1^, 

m ^ 

r-l 5—1 

Hence 0 is a latent root of B and /,t, is a latent vector of B 
corresponding to $; it is also a latent vector of A corresponding 
to A. We have thus provedf 

Tbeobem 65. Lei A, B be square mairices of order 7i; let \B\ -/= 0 
and let AB — BA. Then to each distinct latent root h of A corre¬ 
sponds at least one latent vector of A which is also a luUmt vector 
of B. 

t For a comprohonaive treatment of eommutativo matric^vi and their 
common latent vectors see S» N. Afriat, Quart. J. A/ulA. (i) 3 (1U34) 82—83. 
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Examples XV 

1. Referred to rectangular axes Oxyz the direction cosines of OX, 0F» 

OZ are The vectors OX, OF, OZ are 

mutually orthogonal. Show that 

mi Hjl 

Ui »»* nj 

is an orthogonal matrix. 

2. Four vectors have elements 

(a.o.a.a), (6,—fe,6,—6), (c.O,—c,0), (0,d,0,-d). 

Verify that they are mutually orthogonal and find positive values of 
a, b, c, d that make these vectors columns of an orthogonal matrix. 

3. The vectors X and y are orthogonal and 7* is an orthogonal matrix. 
Prove that X = Tx and Y = Ty are orthogonal vectors. 

4. The vectors a and b have components (1,2,3.4) and (2,3,4,5). 

Find so that b. = b+it.a 

is orthogonal to a. 

Given c = (1,0,0,1) andd = (0,0,1,0), find constants 
for which, when Cj = c + f,b| + mia, dj = d + /,C|+m,bi-}-n,a, the 
four vectors a, bi, Cj, dj are mutually orthogonal. 

6 . The columns of a square matrix A are four vectors a|,...,a 4 and 

A'A = diagfaj.ofl.ai.aj). 

Show that the matrix whose columns are 

. 

is an orthogonal matrix. 

6 . Prove that the vectors with elements 

(l,-2,3), (0,1.-2), (0,0,1) 

are latent vectors of the matrix whose columns are 

(1,2,-2), (0,2,2), (0,0,3). 

7. Find the latent roots and latent vectors of the matrices 


• 1 

0 

0- 

• 

1 

0 

0 

2 

1 

0 


0 

1 

0 

.~2 

2 

3. 


-2 

2 

3. 


showing (i) that the first has only two linearly independent latent vectors; 
(ii) that the second has three linearly independent latent vectors 
1» = (1.0,1), 1, = (0,I,-1), 1, = (0,0,1) and that + is a 
latent vector for any values of the constants and it,. 

8. Prove that, if x is a latent vector of A corresponding to a latent root 
A of A and C = TAT~^t then 


CTx = TAX = ATx 
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and Tx is a latent vector of C corresponding to a latent root A of C. Show 
also that, if x and y are linearly independent, so also are Tx an<i Ty. 
9. Find three unit latent vectors of the sjTnmetrical matrix 


in the form 


(1.0.0). 


•2 0 O' 

0 -3 I 

0 1 -3 


(”’V2’V2)’ 



and deduce the orthogonal transformation whereby 

2x2-3y»-32» + 2y2 = 2X^-2Y*-AZ*. 

10. {Harder'\) Find an orthogonal transformation from variables 
X, z to variables X, K, Z whereby 


2yz + 2zx + 2xy = 2X*-Y*-Z*. 


II. Prove that the latent roots of the discriminant of the quadratic 

2yz + 2zx+2xy 


are — 1, — 1, 2. 

Prove that, corresponding to A = — 1, 

(i) {x,y,z) is a latent vector whenever x + y+z = 0; 

(ii) (1, —1,0) and (1.0.— 1) are linearly independent an<l that 
(1, — 1,0) and (1 4-^, —Ar, — 1) are orthogonal wlu*n k = — 




(± ± 

VV6’V6’ V6/ 


are orthogonal unit latent vectors. 

Prove that a unit latent vector corresponding to A = 2 is 


(± i. L) 

\V3’V3’V3/' 


Verify that when T is the matrix having a, b. c as cohimns and X — TX, 
where x = {x,y,z) and X := {X,Y,Z), 

2yz + 2=x + 2xy= —X*-Y*+2Z*. 

12. Provo that X = Z,y = Y,z — X is an orthogonal transformation. 

With n variables Xj.. show that 

Xj = X^, Xj = Xp, .... x„ = 

where a,^,...,/c is a permutation of 1,2,..., n, is an orthogonal transforma¬ 
tion. 

13. Find an orthogonal transformation x = TX which gives 

2yz + 2zx = (y»-Z*)V2. 

14. When r = 1,2,3, a = 2,3,4 and 

x'/lx = 22 

r<t 


t Example 11 U the same sum broken down into a atep-by-atep solution. 
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prove that the latent roots of A are — 1, — 1, — I» 3 and that 

(LO.O.-l). {0,1.-1,0), (1,-1,-1.1). (1,1.1.1) 

are mutually orthogonal latent vectors of A. 

Find the matrix T whose columns are unit vectors parallel to the above 
(i.e. numerical multiples of them) and show that, when x = TX, 

= ~Xl-Xl-Xl + 3Xl. 

16. Show that there is an orthogonal t ransformationt X = TX whereby 
2 X| 2:3+2*1X4—43:8 3:3 + 4 x,X 4 = V 2 (Xj+ 2 -Y 5 —2X5—A' 5 ). 

16. A square matrix A, of order n, has n mutually orthogonal unit 
latent vectors. Prove that A is symmetrical. 

17. Find the latent vectors of the matrices 


1 

6 

1 

f 

-2 

-1 

-5 

1 

2 

0 


1 

2 

1 

0 

0 

3. 


3 

1 

6. 


18. The matrix A has latent vectors 

(1,0.0). (1,1,0), (1,2,3) 

corresponding to the latent roots A ■= 1,0, — I. The matrix B has the 
same latent vectors corresponding to the latent roots ft = 1*2,3. Find 
the elements of A and B and verify that AB ■= BA. 

19. The square matrices A and B arc of ordern; A has n distinct latent 
roots Ai,...,A„ and B has non-zero latent roots ^i,...,/Xn, not necessarily 
distinct; and AB = BA. Prove that there is a matrix T for which 

r-MT = diag(Ai,...,A„). T-^BT = diag(/ii. fi„). 


Hints and Answers 

2 . a — b~\,c = d= 1 /^ 2 ; these give unit vectors. 

3. Work out X'Y. 

4. *1 = —3; ^1 = —i, nij = —/j = 4 , m, = 0, n, = cf. §3.2. 

6 . A = 1,2,3. 

7. (i) A = 1,1,3; vectors (0,1, —1), (0,0,1). 

9. A = 2, —2, —4; use Theorem 62. 

12. X = TX gives x'/x = X'T'ITK = X'T'TX. The given trans¬ 
formation gives 2 therefore T'T = I. 

13. A = 0, ±^2; unit latent vectors are 

(i-i."). (I’i-i)- 

Use Tlieorem 62. 

t The actual transformation is not asked for: too tedious to be worth the 
pains. 
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16. Let be the vectors and T have the t’s as columns. 

As in § 4.1, = diag(A,...., A„). But T"* T' and so 

T'AT = diag(Ai.A„). 

A diagonal matrix is its own transpose and so 

T'AT = (T’AT)’ = T'A'T and A = A'. 

17. (i) A = —1,3,4; vectors (3, — 1.0), (I. I, —4). (2. 1.0). 

(ii) A = 1,2,3; vectors (2, — 1, - 1). (1. 1, — 1). (1 • 0. — 1). 


18. 

A = 

1 

— 1 

O' 

. B = 

1 

1 

O' 



0 

0 

-i 


0 

2 

1 



0 

0 

— 1. 


0 

0 

3. 


19. A has n linearly independent latent vectors (Theorem 63), which 
are also latent vectors of H (Theorem 65). Finish as in proof of Theorem 
64. 
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